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ABSTRACT 
Sub-Antarctic islands represent the only mid to high latitude terrestrial biomes in the Southern Hemisphere. These 
islands have various geological origins and histories, well-preserved terrestrial ecosystems and high levels of 
species endemism. In an attempt to understand the evolution and biogeography of terrestrial taxa in the South 
Polar Region, the first broad-scale molecular phylogeny was constructed for the unique terrestrial group, the 
ameronothroid mites (genus Halozetes (Oribatida)), collected from sub-Antarctic and Maritime Antarctic localities. 
Phylogenetic analyses based on a combined mitochondrial (cytochrome oxidase subunit I (COI)) and nuclear 
(histone-3 (H3)) sequence dataset indicated that the evolution of these mites were habitat specific (i.e. intertidal, 
supralittoral and terrestrial). Notwithstanding criticisms levelled against a molecular clock, the mites were 
evolutionary young (<10myo), contrary to their status as an ancient group predating Gondwana fragmentation. 
Biogeographic analyses indicated a complex pattern mainly sculpted by multiple independent dispersal events 
across the Antarctic Polar Frontal Zone similar to previous findings for other marine and terrestrial taxa. Also, the 
molecular phylogeny displayed considerable discourse with contemporary taxonomy suggesting the need for 
taxonomic revisions and reassessment of morphological characters. Sub-Antarctic Marion Island, the larger of the 
two islands comprising the Prince Edward Island archipelago (PEI), has experienced extensive glaciation and 
volcanism. To assess the impact of historical events (volcanism (including recent eruptions) and glaciation) and 
contemporary mechanisms (gene flow) on the genetic spatial distribution of species from Marion Island, two mite 
species namely Eupodes minutus (Prostigmata) and Halozetes fulvus (Oribatida) as well as a single plant species, 
Azorella selago (Apiaceae), were selected as model organisms. For independent phylogeographic analyses, 
mitochondrial sequence data (COI) were obtained for both mite species, while chloroplast sequence (trnH-psbA) 
and amplified fragment length polymorphism (AFLP) data were generated for the cushion plant, A. selago. Since 
A. selago is typified by two growth forms namely discrete cushions and continuous mats, it was essential to 
examine the growth dynamics prior to phylogeographic analyses. The sequence and fragment data indicated that 
both mite and plant species were significantly substructured across Marion Island. Manual comparisons indicated 
unique populations on the western (Kaalkoppie for H. fulvus, La Grange Kop for E. minutus and Mixed Pickle for 
A. selago), eastern (Bullard Beach for H. fulvus and Kildalkey Bay for E. minutus), northern (Middelman and Long 
Ridge for H. fulvus) and southern side (Grey Headed for H. fulvus and Watertunnel for A. selago) of the island. 
Importantly, the western side had unique localities for all species. Interestingly, based on the H. fulvus data, the 
western populations were relatively young, characterized by high migration rates, small effective (female) 
population sizes with no isolation-by-distance. The opposite scenario was found for the eastern populations. This 
spatial genetic structure described for species on Marion Island can be ascribed to both historical events and 
environmental conditions. These areas with their unique genetic composition are of special conservational 
concern; consequently this research will contribute to an active management plan for PEI, South Africa’s only 
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OPSOMMING 
Sub-Antarktiese eilande verteenwoordig die enigste terrestriële bioom in die middel tot hoër breedtegrades van 
die Suidelike Halfrond. Hierdie eilande besit ‘n verskeidenheid van geologiese oorspronge en geskiedenisse, 
goed-bewaarde terrestriële ekosisteme en hoë vlakke van endemisme. In ‘n poging om die evolusie en 
biogeografie van terrestriële taksa in die Suid Pool Area te verstaan, is die eerste grootskaalse molekulêre 
filogenie saamgestel vir ‘n unieke terrestriële groep, die ameronothoïed miete (genus Halozetes (Oribatida: 
Ameronothroidea)), vanaf menigte sub-Antarktiese en Maritime Antarktiese lokaliteite. Filogenetiese analises 
gebaseer op die saamgestelde mitochondriale (sitokroom oksidase subeenheid I (COI)) en nukluêre (histoon-3 
(H3)) basispaarvolgordes het aangedui dat die evolusie van hierdie miete habitat spesifiek is (m.a.w inter-gety, 
supralitoraal en terrestrieël). Ongeag die kritiek teenoor ‘n molekulêre klok, is hierdie miete evolusionêr jonk 
(<10mjo), wat teenstrydig is met hulle status as ‘n antieke groep wat terugdateer voor Gondwana fragmentasie. 
Biogeografiese analises het ‘n komplekse patroon aangedui wat grotendeels gekarakteriseer word deur menigte 
onafhanklike verspreidingsgebeurtenisse bo-oor die Antarktiese Polêre Frontale Zone, wat ooreenstemmend is 
met vorige bevindinge vir ander mariene en terrestriële taksa. Die molekulêre filogenie het ook aansienlik verskil 
van die tradisionele taksonomie, dus is taksonomiese aanpassings en herklassifisering van morfologiese 
karakters noodsaaklik. Sub-Antarktiese Marion Eiland, die groter eiland van die Prins Edward eilandgroep (PEI), 
het uitermate glasiasie en vulkanisme ondervind. Om die impak van historiese gebeurtenisse (vulkanisme 
(insluitend onlangse uitbarstings) en glasiasie) en kontemporêre meganismes (geenvloei) op die geneties-
gespasieërde verspreiding van spesies vanaf Marion Eiland te bepaal, was twee mietspesies naamlik Eupodes 
minutus (Prostigmata) en Halozetes fulvus (Oribatida) asook ‘n enkele plantspesie, Azorella selago (Apiaceae), 
gekies as model organismes. Vir onafhanklike filogeografiese analises, was die mitochondriale basispaarvolgorde 
(COI) vir beide mietspesies bepaal, terwyl chloroplast basispaarvolgorde (trnH-psbA) asook geamplifiseerde 
fragmentlengte polimorfisme (AFLP) data gegenereer was vir die kussingplant, A. selago. Aangesien A. selago 
gekenmerk word deur twee groeivorme, naamlik diskrete kussings en aaneenlopende matte, was dit noodsaaklik 
om eers die groeidinamika van die plant te ondersoek alvorens ‘n filogeografiese studie kon geskied. Die 
basispaarvolgordebepalings en fragmentdata het aangedui dat beide mietspesies sowel as die plantspesie 
betekenisvolle substruktuur vertoon regoor Marion Eiland. Informele vergelykings het unieke populasies aangedui 
op die westelike (Kaalkoppie vir H. fulvus, La Grange Kop vir E. minutus en Mixed Pickle vir A. selago), oostelike 
(Bullardstrand vir H. fulvus en Kildalkeybaai vir E. minutus), noordelike (Middelman en Long Ridge vir H. fulvus) en 
suidelike kant (Grey Headed vir H. fulvus en Watertunnel vir A. selago) van die eiland. Die westelike kant besit 
dus unieke lokaliteite vir al die spesies. Interressantheidhalwe het die H. fulvus data getoon dat die westelike 
populasies relatief jonk is en gekarakteriseer word deur hoë migrasiesyfers en klein effektiewe (vroulike) 
populasiegroottes met geen isolasie-oor-afstand nie. Die resultate vir die populasies aan die oostelike kant van die 
Marion Eiland was presies teenoorgesteld. Dié beskryfde substruktuur vir die spesies op Marion Eiland is 
afkomstig van beide historiese gebeurtenisse asook omgewingstoestande. Hierdie areas met hul unieke genetiese 
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samestelling, is belangrik vir natuurbewaring. Hierdie navorsing sal bydra tot die bestuursriglyne van PEI, Suid 
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“Nothing in life is to be feared. It is only to be understood”. 
-Marie Curie (1867-1934), polish-born physical chemist 
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INTRODUCTION 
The oceanic masses that dominate the Southern Hemisphere have profoundly sculpted cladogenic events in 
terrestrial biological communities. In contrast, the Northern Hemisphere is dominated by continental landmass 
with limited oceanic masses. Northern hemispherical continents are all in close proximity to the Arctic polar cap, 
suggesting that recent glaciation / deglaciation (Pliocene / Pleistocene) cycles have potentially impacted on the 
distribution of species to a greater extend compared to the Southern hemispherical continental areas (Skottsberg 
1960). In the Southern Hemisphere, the vast oceanic expanse and large scale distance between continents and 
the Antarctic, implies a limited impact on the distribution of taxa which suggest potentially older cladogenic events 
(Miocene) at least for continental areas. For example, the phylogeographic study conducted on springtails 
species in the South Polar Region showed that their diversification mostly occurred during the Miocene (~23-5 
million years ago (mya)) and Stevens et al. (2006) suggested that the Continental Antarctic species were isolated 
from the sub-Antarctic and surroundings once the sea-ice was sufficient to restrict their oceanic dispersal. Also, 
comparative phylogeographic studies elucidating the effects of glaciation are limited in the Southern Hemisphere 
(specifically the South Polar Region) compared to the Northern Hemisphere. The only mid to high latitude 
southern terrestrial biomes are represented by groups of sub-Antarctic islands. These islands have well-
preserved terrestrial ecosystems, relatively unharmed biotas (Chown et al. 1998; Chown et al. 2001), remarkably 
high levels of species endemism (Pugh 1993), suffered limited anthropomorphic disturbance (Smith & Lewis 
Smith 1987; Young 1995) and are ideal areas for the study of evolutionary biology (Chown et al. 1998 and 
references within). Nevertheless, despite representing a unique biota, the evolutionary history, colonization and 
biogeographical interrelationships among most groups remain ill-explored.  
 
From an evolutionary perspective, the islands in the South Polar Region present some unique and interesting 
questions. This region contains landmasses of various ages that range from ancient continental islands to more 
recent subarial islands formed by volcanism. Some of these islands have experienced extreme glaciation events, 
while others appear to have been unglaciated (Bergstrom & Chown 1999; Chown et al. 1998). In addition to these 
variables, it is assumed that rising oceanic levels or directional shifts in ocean currents as a direct consequence 
of deglaciation of polar caps had a tremendous impact on the islands’ biotas. The isolation of the Antarctic islands 
could have induced diversification and the formation of neo-endemics (Gillespie & Roderick 2002). Hence, 
intricate colonization patterns probably exist for the terrestrial species present on these islands. Whether oceanic 
dispersal or vicariance is responsible for the cladogenesis of the area’s biota in Antarctica and surrounding 
islands, is still heavily debated (Greve et al. 2005; Myers & Giller 1988; Peck et al. 2006). Furthermore, 
biogeographic studies in this region are incomplete with limited research focussing on both marine and terrestrial 
environments. This presents an ideal template for novel research opportunities.  
 
The usefulness of genetic data to answer ecological, evolutionary as well as conservation questions recently 
sparked an increase in molecular work on / around the South Polar Region (see for example Allegrucci et al. 
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2006; Bargelloni et al. 2000; Stevens & Hogg 2006; Verde et al. 2007). However, a major limitation that precludes 
detailed work is the isolated nature of the sub-Antarctic islands which give rise to sampling difficulties. In addition, 
only a limited number of biogeographic molecular studies have been undertaken in the region (mostly marine 
species), with most research focussing on the population structure of species (for example plants (reviewed in 
Skotnicki et al. 2000) and arthropods (Frati et al. 2001; Stevens & Hogg 2003)) in certain areas of the Antarctic or 
sub-Antarctic. Thus, a need exists for more evolutionary studies to obtain an accurate picture of the evolutionary 
history of various species in the South Polar Region. From a conservation point of view, it is also important to 
determine the impact of past environmental change on biodiversity and ecosystems of the South Polar Region, in 
particular when considering the need to document current biodiversity as well as the effect of predicted climate 
change on these areas. 
 
The following literature will mainly focus on the South Polar Region especially on biogeographic and colonization 
patterns of selected arthropod species as well as the findings from previous phylogenetic studies. The focus will 
then shift to an intra-island scenario, with sub-Antarctic Marion Island forming the focal point, where species 
diversity, abundance and patterns will be discussed in a historical context. The two main objectives of this study 
will be dealt with separately in the form of research questions listed below the relevant literature sections.  
South Polar Region 
The South Polar Region can be divided into different zones based on botanical and biogeographic criteria. The 
three botanical zones comprise firstly of the South Atlantic Province (SAP) including Falkland Island, the Scotia 
Arc (South Georgia, South Orkney, South Shetland and South Sandwich Islands as well as the Antarctic 
Peninsula) and Bouvetøya Island; secondly of the South Indian Province (SIP) consisting of Crozet, Kerguelen, 
Heard and Prince Edward Islands and lastly, the South Pacific Province (SPP) comprising of Auckland, Campbell 
and Macquarie Islands together with New Zealand (Lewis-Smith 1984; Pugh & Convey 2000; Wardle 1991). 
Biogeographically, the Antarctic region comprise of Continental Antarctica (most of mainland Antarctica), 
Maritime Antarctica (South Orkney, South Shetland and South Sandwich Islands as well as the Antarctic 
Peninsula) and the sub-Antarctic region (Crozet, Heard, Kerguelen, Macquarie, Prince Edward and South 
Georgia Islands) (Gressit 1970; Holdgate 1964; Marshall & Pugh 1996; Wallwork 1969).  
 
The break-up of the southern supercontinent Gondwana started when East Gondwana (Antarctica, Madagascar, 
India and Australia) separated from West Gondwana (South America and Africa) during Early Jurassic (~178mya) 
(Crame 1999). South America separated from Africa during the Early Cretaceous (~130mya), forming the South 
Atlantic Ocean. During the East Gondwana break-up, India separated during the Early Cretaceous (~120mya), 
while Madagascar separated from India during the Cretaceous - Tertiary boundary (~65.5mya). Australia and 
New Zealand separated during the Late Cretaceous (~80mya) (see Cattermole 2000). Gondwana break-up often 
feature in biogeographic studies as an explanation for the distribution of taxa that are currently found in 
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discontinuous regions that were previously part of Gondwana. An example includes the Proteaceae plant family 
that is only found in Chile, South Africa and Australia (Weston & Crisp 1996). 
 
When only considering the history of Antarctica (when it was part of Pangaea), it was glaciated during the 
Carboniferous period (354-286mya). During the Jurassic period (213-144mya) it became deglaciated as a 
consequence of world climate changes and latitudinal migration caused by continental drift (Gould 1993; Parrish 
1990). Throughout the Eocene (58–36mya), it was characterized by rich and temperate fauna and flora until 
fragmentation occurred during the Miocene (24–5mya) (Chaloner & Creber 1989; Creber 1990; Elliot 1985). The 
date when the (current) ice cap formed and expanded is contentious and ranged from 34mya to less than 3mya 
(see for example DeConto & Pollard 2003; Marshall & Pugh 1996). Presently, Antarctica is an isolated and frozen 
continent.  
 
During prior and past fragmentation of Gondwana, multiple islands have formed in the vicinity of Antarctica. 
These Maritime and sub-Antarctic islands have different geological origins and histories. In general, oceanic 
islands can be divided into “Darwinian” or “fragment” islands. Darwinian islands are created de novo, while the 
other island type forms due to the fragmentation of continents (reviewed by Gillespie & Roderick 2002). Only a 
few sub-Antarctic islands have a continental origin, for example Auckland, Bounty, Campbell and Falklands 
Islands (reviewed by Bergstrom & Chown 1999). The ages of these islands range from 2 500mya (Falkland 
Islands) to 16mya (Campbell Island). However, most of the sub-Antarctic Islands are Darwinian islands since they 
originally developed as underwater volcanoes; examples included the Crozet, McDonald, Prince Edward, 
Kerguelen Islands (Chown et al. 1998; Hänel & Chown 1998; Quilty & Wheller 2000). Macquarie Island on the 
other hand is the only island composed of oceanic crust and rocks from deep within the earth's mantle (Varne et 
al. 1969). Ages of the islands range from 29-40mya (Kerguelen Island) to 0.08mya (McDonald Island) (for more 
detail see Chown et al. 1998).  
 
The extent of glaciation also varies between the sub-Antarctic islands, for example Kerguelen and Heard Islands 
have experienced multiple glaciation events (9 and 11, respectively (Chown et al. 1998) during the past glacial 
maximum (16 000 years ago), while Macquarie Island has experienced none (Bergstrom & Chown 1999; Hall 
1990; Selkirk et al. 1990). Evidence suggests that the sub-Antarctic islands located south of the Antarctic Polar 
Frontal Zone (APFZ), specifically those that comprise larger landmasses with higher elevations, are more 
glaciated than those situated north of the APFZ that are smaller and with lower elevations. Thus the island’s 
position relevant to the APFZ and the movement of the APFZ plays an important role in the climatic history of 
these islands (reviewed by Bergstrom & Chown 1999).  
 
The interplay of various ages, climatic oscillations as well as the geological histories of these islands renders 
these groups ideal for studying processes and patterns that influence the genetic diversity of species. Arthropod 
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communities that are widespread throughout the South Polar Region represent ideal organisms to test the 
development of evolutionary biota on these islands. 
Arthropods  
The ability of arthropods to survive extreme environmental conditions coupled with their relatively high generation 
turnover (Hogg & Stevens 2002 and references within) makes them one of the most abundant and successful 
terrestrial groups world-wide. It is therefore not surprising that sub-Antarctic islands are largely dominated by 
arthropod taxa (Pugh 1993). Among these arthropods, Acari or Acarina (mites) are highly abundant and diverse 
and play a significant ecological role on sub-Antarctic islands (Burger 1985; Chown et al. 2001).  
 
Typically, contemporary microarthropod faunas in the South Polar Region consist of acari (approximately 400 
species), arachnids (60 species), myriapods (12 species) and hexapods (500 species) (Pugh 1993, 1997). When 
considering the zoogeography of mites in the South Polar Region, the Antarctic species are limited, ancient and 
highly endemic. This is probably due to isolation in combination with physiographic, geological, glaciological and 
climatic factors (Wallwork 1973). The sub-Antarctic is species-rich with a high degree of endemism. This high 
degree of endemism indicates that the sub-Antarctic could be seen as a separate zoogeographical province. In 
addition, the zoogeography of the sub-Antarctic is complicated by the closeness of Australasia in the east and 
South America in the west as well as the fact that some islands have a Darwinian or fragmented origin. Maritime 
Antarctic is also species-rich and the species are thought to be derived mostly from the sub-Antarctic (Pugh & 
Convey 2000; Wallwork 1966, 1967, 1969, 1973). 
 
From an evolutionary, ecological and biogeographical perspective, the mite superfamily Ameronothroidea 
(Oribatida) is of particular interest. These mites often feature in biogeographical studies due to their limited 
dispersal capabilities and their status as an ancient group (Starý & Block 1998; Wallwork 1973). They are also 
abundant and well-represented in the South Polar Region (Pugh 1993; Starý & Block 1998; Wallwork 1973) and 
are capable of occupying different habitats, ranging from intertidal to terrestrial ecosystems (Marshall & Convey 
2004; Pugh 1993).  
 
For the mite suborder Oribatida, 78 species have been documented in the sub-Antarctic zone (Pugh 1993, Starý 
& Block 1998). Unfortunately the taxonomy of the superfamily Ameronothroidea (family Podacaridae) is dubious 
with various proposed classification schemes due to character plasticity (D. J. Marshall and L. Coetzee, personal 
communication). In general, the most accepted classification suggests that the superfamily Ameronothroidea 
comprises of 40 peri-Antarctic species partitioned into three genera namely Podacarus Grandjean, 1955; 
Alaskozetes Hammer, 1966 and Halozetes Berlese, 1917. Unfortunately the classification of the species and 
subspecies within these genera remains dubious. For example, some species like Halozetes edwardensis have 
been described from a single specimen, while other species like terrestrial H. fulvus and H. crozetensis or 
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intertidal H. marionensis and H. intermedius have no distinct morphological characters to differentiate between 
adult individuals (D. J. Marshall and L. Coetzee, personal communication). Species like H. belgicae and A. 
antarcticus have a circum-sub-Antarctic pattern and are represented by distinct subspecies in the western and 
eastern sub-Antarctic. These subspecies specific variation could confirm the hypothesis that there are two sub-
Antarctic faunal provinces (Wallwork 1973). See Table 1.1 for details on the distribution of South Polar 
ameronothroid mites.  
 
Table 1.1 Ameronothroid mite species (Podacaridae) with their respective distribution in the South Polar Region. Distinction 
is made between terrestrial (T), supralittoral (S), intertidal (I) or unknown (?) zones. The following abbreviations were used 
for the localities: Amsterdam and St. Paul Islands (AS), Antarctica (A), Antarctic Peninsula (AP), Bouvetøya Island (B), 
Campbell Island (CB), Crozet Islands (C), Falkland Islands (F), Gough Islands (G), Heard Island (H), Kerguelen Islands (K), 
Macquarie Island (M), New Zealand (NZ), Prince Edward/Marion Islands (PM), South Georgia Island (SG), South Orkney 
Islands (SO), South Sandwich Islands (SH), South Shetland Islands (SD) and South Africa (SA). Table adopted from 
Marshall and Convey (2004) as well as Pugh (1993). 
Species Habitat Localities 
Podacarus auberti Grandjean, 1955 T SG, PM, C, K, H, M 
Podacarus auberti occidentalis Wallwork, 1966 T SG 
Alaskozetes antarcticus (Michael, 1903) S/T F, SG, SO, SD, AP, PM, C, K, H, M 
Alaskozetes antarcticus intermedius Wallwork, 1967 S/T A, AP, SO, SH, SG, K 
Alaskozetes antarcticus grandjeani Dalenius, 1958 S/T H, M 
Alaskozetes bovetoyaensis van Pletzen and Kok, 1971 S/T PE, B 
Halozetes belgicae (Michael, 1903) S/T SG, SO, SD, AP, PM, C, K, H, M, CB, AS 
Halozetes belgicae brevipilis Wallwork, 1963 S/T M 
Halozetes belgicae longiseta Wallwork, 1967 S/T SH 
Halozetes marinus (Lohmann, 1907) I F, SG, SO, PM, C, K, H, M, CB, AS 
Halozetes marinus devilliersi Engelbrecht, 1974 S PM 
Halozetes marinus minor Wallwork, 1966 ? CB 
Halozetes marionensis Engelbrecht, 1974 I PM, G 
Halozetes intermedius Wallwork, 1963 I H, K, M 
Halozetes impeditus Niedbala, 1986 ? SD 
Halozetes littoralis Wallwork, 1970 S/T SG 
Halozetes negrophagus Wallwork, 1967 S/? AP 
Halozetes plumosus Wallwork, 1966 S/? CB 
Halozetes bathamae Luxton, 1985 I NZ 
Halozetes otagoensis Hammer, 1966 S NZ 
Halozetes macquariensis (Dalenius and Wilson, 1958) T M, CB 
Halozetes crozetensis (Richters, 1907) T F, C, K, H, M, CB, AS 
Halozetes edwardensis van Pletzen and Kok, 1971 ? PM 
Halozetes fulvus Engelbrecht, 1975 T PM 
Halozetes capensis Coetzee and Marshall, 2003 I SA 
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Biogeography  
The historical biogeography of the South Polar Region is contentious. The sub-Antarctic islands can be seen 
either as a single biogeograhical province (i. e. the islands share similar histories as well as certain parts of their 
biota) (Chown et al. 1998; Holdgate 1960; Vijver & Beyens 1999), or as a multi-regional province (i. e. the biotas 
and histories of the islands are too dissimilar to be included in a single province) (Cox 2001; Gressit 1970). Three 
theories exist to explain the geological distribution of terrestrial arthropods in the Antarctic and sub-Antarctic 
region, namely vicariance (fragmentation due to geological processes), dispersal (wind, water, rafting, zoohoria 
etc.) or a combination of vicariance and dispersal (see for example Brundin 1966; Hogg & Stevens 2002; Pugh & 
Convey 2000; Strong 1967; Wallwork 1973).  
 
Before the origin of sub-Antarctic islands was known, the similarities between the colonists across the South 
Polar Region prompted the idea of vicariance. It is well known that the biotas within the SIP are very similar which 
can indicate a shared origin (for example Chown 1994; Lewis-Smith 1984; McInnes & Pugh 1998; Starý et al. 
1997). At first it was suggested that the islands were part of the Sudamedie continent proposing an African origin 
for certain taxa (insects) (Jeannel 1964). However, it became clear that a vicariant origin for the taxa in the South 
Polar Region as a whole is doubtful (Wallace et al. 2002) but might apply to certain smaller geographic regions 
(Chown 1994; Craig et al. 2003; Greve et al. 2005). Since most of the sub-Antarctic islands formed de novo 
(LeMausier & Thomson 1990), dispersal seems to be the obvious mechanism. Indeed, a nestedness analysis 
conducted for Southern Ocean island biotas demonstrated that the distribution pattern of less mobile taxa (such 
as flightless insects) is most likely influenced by the proximity of continents and large islands (Greve et al. 2005).  
 
Historically, vicariance has been the preferred choice of explaining species ranges (terrestrial and freshwater) 
that were separated by oceans. However, recent molecular dating from phylogenetic studies suggests that 
dispersal play an important role in creating regional biogeography (de Queiroz 2005). Recent molecular evidence 
from dispersal patterns on oceanic islands, indicates the importance of dispersal in terms of the evolution of the 
biodiversity of the island (Cowie & Holland 2006). Dispersal across the ocean accounts for the high level of 
endemism in the South Polar Region (post-Pleistocene colonization) (Gressit 1970). The type of dispersal usually 
varies between different species from the region. For example, Craig and colleagues (2003) suggested that the 
dispersal method for the Diptera species, Crozetia Davies, 1965 to the Crozet archipelago was likely either 
through wind or zoohoria (birds from Africa). Powered flight has also been suggested as a good dispersal 
attribute for pterygote insects (for example Coleoptera and Diptera) (Kushel 1990). Wind dispersal was 
suggested for soil organisms specifically nematodes in the Dry Valleys of Antarctica (Nkem et al. 2006). For 
amoronothroid mites, zoohoria and air currents were ruled out due to their size and life history phases (Marshall 
& Pugh 1996). Evidence obtained from “aerial plankton” also suggested that long distance air dispersal of mites 
was unlikely, since they were unable to survive the subsequent low temperature and high pressure (Pugh 2003; 
Pugh & Convey 2000). However, Halozetes and Antarcticus has been found to survive in seawater for extensive 
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time periods (LT50=20+ days), which may favour ocean current dispersal (Pugh 1995; Strong 1967). It has been 
suggested that the presence of certain mite species can be explained by recent anthropogenic introductions 
(Pugh 2003). 
 
The controversy behind the complex biogeography of the South Polar Region may also, in part, be attributed to 
species distributional data of taxonomically difficult groups (for example Gressitt, 1970; Greve et al. 2005; 
McInnes & Pugh 1998; Morrone 1998; Muñoz et al. 2004). But now with the powerful tool of genetic techniques, 
the complexity of the South Polar Region can be reassessed. A marked increase in molecular studies from this 
region has occurred, especially from the marine environment. Using various molecular markers and techniques, 
studies focussed mostly on population structure, however, an increase in phylogenetic relationships referring to 
dispersal and speciation patterns has also been noted. Some examples from the marine environment include 
notothenioid fishes (for example Bargelloni et al. 2000; Patarnello et al. 2003; Ritchie et al. 1996; Sanchez et al. 
2007; Verde et al. 2007; Zane et al. 2006), benthos (Brandt et al. 2007), bivalves (Page & Linse 2002), sea 
urchins (Lee et al. 2004), isopods (Held 2000), krill (Jarman 2001; Zane et al. 1998) and allogromiids (Pawlowski 
et al. 2005). Terrestrial studies have mostly focused on the population structure of arthropods (for example 
Fanciulli et al. 2001; Frati et al. 2001; Stevens & Hogg 2003) and plants (reviewed in Skotnicki et al. 2000). A few 
phylogenetic studies have been conducted on midges (Allegrucci et al. 2006), springtails (Stevens & Hogg 2006) 
and moss (Skotnicki et al. 2004). However, more detailed studies are needed to obtain an overall pattern of the 
terrestrial environment of the South Polar Region, since most of the biogeographical studies are limited in terms 
of sampling and molecular markers. Many studies implement molecular clocks based on substitution rates due to 
the lack of fossil data (for example Allegrucci et al. 2006; Stevens & Hogg 2006). A way to improve these clock 
estimates can be to include additional genetic markers, specifically nuclear markers and to implement a 
multigene relaxed Bayesian molecular clock using relative rates. In this study, both mitochondrial (cytochrome 
oxidase subunit I) and nuclear (histone-3) markers were included in the relaxed Bayesian clock, in an attempt to 
calculate more accurate divergence dates for mite species from the South Polar Region. 
Evolution  
Some of the microarthropods in Antarctica potentially signify isolated microarthropod populations following the 
fragmentation of the southern supercontinent. These relict microarthropod populations have evolved 
independently, generating the high levels of endemism now characteristic of the Continental, sub-Antarctic and 
Maritime zones. The presence of certain microarthropods can also be explained by recent northern radiations 
(Marshall & Coetzee 2000; Marshall & Pugh 1996; Pugh & Convey 2000; Wallwork 1973). This theory is 
supported by the presence of certain ameronothroid mites (Podacaridae) in both South America and New 
Zealand (Hammer 1958, 1961, 1962, 1966, 1967, 1968) and recently, the first Halozetes (Halozetes capensis 
n.sp) has been described from South Africa (Coetzee & Marshall 2003). This is the most northern occurrence of 
Halozetes and this finding together with observations for the existing ocean current systems may support the 
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theory that the genus originated in the South Polar Region. It is also believed that the Podacaridae group 
represents an ancient group (Gondwanan origin), since it extends over two or three zones (Continental, Maritime 
and sub-Antarctic) with several subspecies being recognised (Wallwork 1973).  
 
In addition to the hypothesis that the ameronothroid mites (specifically the Podacaridae family) evolved in the 
South Polar Region, they are also unique among arthropods, due to their occupation of various habitats (i. e. 
terrestrial, supralittoral and intertidal). Earlier work based on morphology and zoography, indicated that ancestral 
species within this group could be the intertidal taxa, specifically H. marinus and H. littoralis, and not the 
terrestrial species. Halozetes marinus and H. littoralis still occurs in the marine and intertidal regions, 
respectively, and may have endured glaciation to form the basis of radiation into terrestrial environments. The 
radiation may also have transpired independently in the western and eastern sub-Antarctic. The intertidal mites 
(specifically H. marinus) are therefore considered to be basal (Wallwork 1973). Supportive evidence was found 
for this hypothesis on sub-Antarctic Marion Island based on the relative ages of the different vegetation types and 
habitat specificity of various mite species. The authors reasoned that these older intertidal habitats acted as 
refugia for species during glaciation periods when terrestrial environments were largely covered by ice (Barendse 
et al. 2002). In addition, Mercer and colleagues (2002) also suggested that the specificity of species to the shore 
(epilithic biotope) is most likely due to the substantial age of this biotope compared to the younger vascular 
vegetation (post glacial) on Marion Island.  
 
The opposite scenario was suggested for ameronothroid mites in the Northern Hemisphere. It is believed that the 
ameronothroid mite, Ameronothrus Berlese, 1896, used terrestrial areas as refugia during glaciation. In this case 
terrestrial species are considered to be ancestral (Schulte & Weigmann 1977). Both scenarios, intertidal to 
terrestrial or terrestrial to intertidal transition, can be tested in a phylogenetic framework. With such a phylogeny, 
more insight could also be gained for larger issues such as the origin of all oribatid mites. Clues could be 
obtained as to whether their ancestor was terrestrial (Procheş & Marshall 2002) or marine (Bernini et al. 2000).   
 
Research questions: 
1. What is the biogeographical pattern of terrestrial ameronothroid mites (specifically the genus Halozetes) 
in the South Polar Region? 
2. When conducting manual comparisons, how do terrestrial biogeographical patterns found in this study 
and in the literature compare to previously described marine biogeographic patterns in the South Polar 
Region?  
3. What are the relative diversification times for the ameronothroid species? Do their divergence times 
predate Gondwana fragmentation?  
4. Are intertidal ameronothroid mites less derived (and older) than those inhabiting the terrestrial zone 
(Wallwork 1973) or does the opposite hypothesis apply (Shulte and Weigmann 1977)?  
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5. How does the dubious contemporary taxonomy of Halozetes compare to its molecular phylogeny?   
6. What is the intra-specific variation within different Halozetes species across sub-Antarctic islands?  
Intra-island scenario 
Thus far the focus of the literature was on evolution in the South Polar Region. To enhance our understanding of 
intra-island population structure of different species in the South Polar Region, sub-Antarctic Marion Island was 
selected, because the geological history and the paleoclimatic conditions on the island are well understood. Also, 
the taxonomy of multiple species residing on the island is well documented. In addition, Marion Island is managed 




The Prince Edward Island archipelago (PEI) consists of Marion Island (PEI; 46º54’S, 37º45’E) and Prince Edward 
Island (PEI; 46˚38’S, 37˚57’E), separated by 19km of ocean. PEI is situated in the Southern Ocean, 
approximately 2300km south-east of Cape Town, South Africa (see position in Chapter 2, Figure 2.1). The 
nearest landmass is the Crozet archipelago positioned approximately 950km east of Marion Island (Hänel & 
Chown 1998).  
 
PEI formed de novo (i. e. Darwinian island sensu Gillespie & Roderick 2002) and constitutes the tips of an 
oceanic intraplate volcano (Hall 1990, 2002; Hänel & Chown 1998). Marion Island, the larger of the two islands 
(290 km2), has a typical shield volcanic shape with the centre being dominated by high mountains containing an 
ice plateau at an altitude above 1km. This island is estimated to be between 1 million years and 0.5 million years 
old (myo) (Hänel & Chown 1998), however, recent K-Ar dating suggests Marion Island is 0.45myo (McDougall et 
al. 2001).  
 
Marion Island is situated in the middle of the APFZ, and as such was noticeably influenced by climate change 
due to the oscillations in the APFZ. After its formation, it has experienced at least eight volcanic periods and five 
glacial stages (McDougall et al. 2001). Based on K-Ar age determinations, McDougall and colleagues suggested 
that the volcanic activity was episodic with most activity occurring about 450, 350, 240, 170, 110, 85, 50 and less 
than 10 000 years ago (ka) across the island. The most recent documented volcanic eruption occurred in 1980, in 
the vicinity of Kaalkoppie (western side of island). Two lava types are present on Marion Island, the older grey 
basalt lava dating back to the Pleistocene (for example Long Ridge, Cold Ridge, Feldmark Plateau) and the 
younger black basalt lava dating back to postglacial Holocene (McDougall et al. 2001). The black lava flows 
formed over a hundred scoriae cones that dominate the island’s terrain (Hänel & Chown 1998).  
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Most of the glacial events on Marion Island (stage 2 (~10-35ka), 4 (~65-79ka), 6 (~132-198ka), 8 (~252-302ka), 
12 (~428-480ka); see Figure 9 of McDougall et al. 2001) were intercalated with volcanic activity; however 
evidence exists that earlier volcanic eruptions overlapped with glacial events. The two most recent stages were 
interglacial (McDougall et al. 2001). It is believed that Marion Island has been covered by huge fields of 
permanent ice and snow during periods of extensive glaciation, probably due to temperatures that were 4 to 7°C 
lower than what they are now. The grey lava ridges on Marion support signs of extensive glaciations as recently 
as 12 000 to 16 000 years ago (Hobs et al. 1998). In the past, the east coast of Marion Island was covered by 
huge glaciers (Hänel & Chown 1998; Schulze 1971; Smith & Steenkamp 1990). Contrary to Marion Island, Prince 
Edward Island bears no signs of glaciation. The presence of ice sheets was never detected probably due to the 
lower altitude of the Prince Edward Island. Another explanation for the lack of glacial evidence could be the 
presence of erosion on the western side of the island (Hänel & Chown 1998).  
 
The current climate and weather on Marion Island are greatly influenced by the Southern Ocean atmospheric 
system. The present weather on the island includes average temperatures of ~5°C, very high precipitation of 
~2500 mm/year (mainly rain), high humidity (~83%) and a high degree of cloudiness with an annual sunshine 
duration of 30%. The north westerly winds predominate (70 - 200km/h). In addition, the island is also located in 
the so-called Roaring Forties (westerly winds). These westerly winds are coupled with cloudy conditions while the 
southerly winds from the Antarctic bring cold and clear conditions. Unfortunately this island is keeping pace with 
global warming. Over the last 30 years, records have shown that the annual average temperature has increased 
by 1.2°C while precipitation declined by 600mm (Hänel & Chown 2000; Schulze 1971; Smith & Steenkamp 1990; 
Smith & Gremmen 2004). The effect of the warmer and drier conditions is noticeable in the shrinking and 
disappearance of the ice plateau in centre of the island (Smith 2002; Summer et al. 2004; K. I. Meiklejohn, 
personal communication). It is also visible by the rapid transformation of the island by alien plant species 
(Gremmen et al. 1998). Multiple alien species have been introduced to Marion Island during the past and these 
species have significantly impacted on the structure and functioning of the ecosystem (Chown & Smith 1993; 
Gremmen & Smith 1999; Hänel & Chown 1998). This positive link between climate change and the establishment 
and distribution of alien species poses a big problem, especially in the sensitive sub-Antarctic ecosystem (Chown 
& Gaston 2000). 
 
Marion Island has a semi-closed ecosystem that is dependant on the surrounding ocean. The island is 
considered nutrient-poor with the mineral content arising from direct salt-sea spray, indirect seabird and seal 
excreta as well as other organic deposits. Mineral content, moisture and climate also influence the vegetation of 
the island, which differs with altitude (Bergstrom & Chown 1999; Gremmen 1981; Smith & Gremmen 2004). 
Seven community complexes have been described: a) salt-spray, found near shorelines (Crassula moschata), b) 
biotic, found near animal activity along the shoreline (Callitriche antarctica–Poa cookii), c) fernbrake, found along 
drained slopes on the lowland (Blechnum penna-marina), d) Acaena magellanica–Brachythecium, found near 
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mires and slopes, e) Juncus scheuchzerioides–Blepharidophyllum densifolium, found near wet peat, f) polar 
desert, found at high altitudes and g) fellfield, found at exposed rocky areas (Andreaea–Racomitrium crispulum) 
(Smith & Mucina 2006). Fellfield is considered to be one of the oldest community complexes on sub-Antarctic 
islands (Scott 1985), with the flowering vascular cushion plant, Azorella selago Hook. f., 1847 (Apiaceae), 
dominating this habitat (Smith & Gremmen 2004). This widespread and long-lived pioneer species is well-
adapted for the harsh sub-Antarctic environment; it has short internodes, a compact surface and its buds are 
protected on the soil level, where temperatures are more constant than the air (see Armesto 1980 and references 
within). On Marion Island, A. selago acts as keystone species since it forms nutrient rich environments for 
invertebrates and epiphytic plants (more detail below) (Barendse & Chown 2001; Huntley 1972). In addition, it 
shapes the landscape by affecting geomorphological processes (Boelhouwers et al. 2000).  
 
Since PEI is a Darwinian island group, it must have been colonized from a potential source after its formation. In 
general, if a Darwinian island stays isolated from its source, evolutionary processes such as speciation and 
development of neo-endemics will occur (Gillespie & Roderick 2002). It is therefore not surprising that the 
isolated nature of Marion Island contributed to the presence of multiple endemic species (Chown et al. 2002). PEI 
has approximately 187 different plant species. These species include indigenous vascular plants (22 species) 
and multiple lichens, mosses and liverwort species (165 species). Only nine of these species are endemic, 
however, PEI also contains 34 other species that are endemic to SIP. Most alien plant species present on Marion 
Island are grasses like Agrostis stolonifera L., 1753 and A. gigantea Roth, 1788 (Hänel & Chown 2000; Smith & 
Gremmen 2004).   
 
The fauna on Marion Island includes multiple species of seals, birds and penguins; however, it is mostly 
dominated by invertebrates. The terrestrial invertebrates (indigenous as well as introduced) include beetles, flies, 
moths, wasps, butterflies, aphids, spiders, mites, slugs and snails as well as earthworms and roundworms (Hänel 
& Chown 1998). The invertebrates play an essential role in the island’s ecosystem, since they are the only 
herbivores and detrivores present. Invertebrates are responsible for the recycling of nutrients in the soil, for plant 
fertilization and for decomposition (Chown et al. 2002).  
 
My research project mainly focussed on free-living terrestrial mite species. Marshall et al. (1999) identified 60 
species from PEI, including Mesostigmata (8), Progstigmata (20), Oribatida (23) and Astigmata (9). Of these 
mites, all Mesostigmata, 58% of Prostigmata, 13% of Oribatida and 33% of Astigmata are endemic. On Marion, 
the habitats of mite species varies from the intertidal and supralittoral zone to rocky faces in lowland 
environments, fellfield regions, vegetated regions (mosses and flowering plants) as well as freshwater ponds and 
streams (Hänel & Chown 1998).  
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There is an important distinction between terrestrial and shoreline faunas. The terrestrial species from sub-
Antarctic islands have common habitat requirements while the shoreline species have more specific habitat 
requirements (Marshall et al. 1999). The distribution patterns of several invertebrate species have been 
investigated on Marion Island (Barendse & Chown 2001; Chown 1990; Hugo et al. 2004). A significantly higher 
species richness exists in the older epilithic biotope (shoreline) compared to the younger vegetated biotope 
(Mercer et al. 2000). When investigating invertebrate communities in the mid-altitude fellfield (Azorella selago and 
rocky areas), most indigenous species were found with a relatively high species richness. In A. selago, Eupodes 
minutus Strandtmann, 1967 was by far the most abundant mite species (16,000 individuals m-2), while Halozetes 
fulvus was most abundant in rocky areas between Azorella cushions (700 individuals m-2) (Barendse & Chown 
2001). Hugo and colleagues (2004) also found fine-scale structure in terms of distribution and abundance of mite 
and springtail species in A. selago. Their abundance was higher on the southern sides of the plants that were 
less exposed to wind and that had colder and drier conditions.  
 
Phylogeography 
Phylogeography is based on the genealogical histories of individual genes sampled from different populations 
where the spatial distribution of these differences can offer valuable insights into evolutionary processes 
(Maholtra et al. 1996). The phylogeographic structure of any species can indicate patterns of historical 
fragmentation as well as restricted gene flow, selection, mutation, drift and species-specific dispersal capabilities 
(for example Avise et al. 1979; Avise 1994; Knowles & Maddison 2002).  
 
Evidence from Antarctica has shown that glaciation had a significant impact on the population structure of certain 
invertebrate species (mites and springtails) (for example Fanciulli et al. 2001; Frati et al. 2001; Stevens & Hogg 
2003). In addition, when considering sub-tropical islands like the Hawaiian Islands or the Canary Islands; these 
islands have experienced extreme geological events (volcanism) which have also shaped the diversification of 
numerous indigenous invertebrate species (Emerson 2002; Roderick & Gillespie 1998). Even vertebrates can 
exhibit complex patterns on islands due to mountains acting as barriers to gene flow, for example the house 
mouse (Mus musculus domesticus Schwarz & Schwarz, 1943) on Madeira Island (Britton-Davidian et al. 2000). 
Thus, evidence from sub-tropical islands indicates that geological events have an impact on the population 
structure of species. This may also be the case for Marion Island, which has been characterized by numerous 
glaciation and volcanic events. 
 
In general, alterations in species’ habitats could cause them to go extinct in certain parts of their distribution 
range or they can radiate to more favourable environments. Another alternative is to survive in small refugia from 
where they spread out again in the presence of more favourable climatic conditions (Hewitt 2000). In the case of 
Marion Island, glaciation could have confined species into isolated refugia, while lava flows could have caused 
the extinction of multiple fauna and flora populations directly in their path. The multiple ridges and valleys on 
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Marion Island formed by volcanic eruptions during the past may potentially present long term extrinsic barriers to 
gene flow. Myburgh et al. (2007) examined the population structure of selected springtail species (indigenous and 
invasive) by means of COI on Marion Island (refer to Chapter 3, 4 or 5 for a map of Marion Island). Substantial 
genetic substructure was present in the two indigenous species (Cryptopygus antarcticus travei Déharveng, 1981 
and Tullbergia bisetosa (Börner, 1903)) which correlated well with geological or glaciation events on the island. In 
addition, a refuge population was identified at the higher elevated Katedraalkrans. This locality could have 
remained ice-free during past glaciations (K. I. Meiklejohn, personal communication). Interestingly, Kildalkey Bay 
was distinct from the other localities based on its genetic profile. Possible explanations for this could be that this 
bay is the natural entry point for new invertebrates due to the prevailing winds and sea currents. In addition, this 
bay has frequently been used by sealers. This study provided valuable insight into the population structure of 
springtails across the island, however, the large scale pattern across the island remains unknown, which provides 
the ideal opportunity to conduct more comparative phylogeographic studies focussing on other species. 
 
Research questions: 
1. What is the independent phylogeographic population structure of the indigenous mite species, Halozetes 
fulvus and Eupodes minutus, across Marion Island? Can congruent patterns be manually identified for 
both species on the island? 
2. When conducting manual comparisons, how does the observed phylogeographic pattern compare 
between the indigenous mite species (H. fulvus and E. minutus) and indigenous springtail species (C. 
antarcticus and T. bisetosa (Myburgh et al. 2007)) across Marion Island? 
3. Is there a possible correlation between the two species’ (H. fulvus and E. minutus) microhabitat and 
microclimate preferences and their genetic variability on the island?  
4. What is the growth dynamics of Azorella selago on Marion Island since it has two distinct growth forms 
(i. e. discrete cushions and continuous mats)? (This needs to be assessed prior to phylogeography, 
since phylogeographic investigations assume sample independence.) 
5. What is the phylogeographic population structure of A. selago across Marion Island? Is substructure 
present in this host plant and does its pattern coincides with patterns found for inhabiting 
microarthropods (like E. minutus) on Marion Island when compared manually?  
6. What do all these phylogeographic patterns of species on the island mean in terms of conservation? 
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ABSTRACT  
Reported herein is the first broad-scale molecular phylogeny for a group of terrestrial ameronothroid mites, 
focussing on the genus Halozetes (Oribatida: Ameronothroidea), as a basis for understanding the evolution and 
biogeography of terrestrial taxa in the South Polar Region. Both mitochondrial (cytochrome oxidase subunit I 
(COI)) and nuclear (histone-3 (H3)) markers were used. A total of 10 species (114 samples) from 9 localities 
(Heard, Kerguelen, Marion, Macquarie, Possession, South Georgia and South Sandwich Islands as well as the 
Antarctic Peninsula and South Africa) were included. Parsimony searches (MP), maximum likelihood (ML) and 
Bayesian Inference (BI) based on the combined COI and H3 sequence dataset rendered similar tree topologies. 
Evidence suggested that the evolution of these mites (which have largely been restricted to the different habitat 
zones i.e. intertidal, supralittoral and terrestrial) had been driven largely by habitat specificity with niche 
availability being the key factor. Molecular data also suggested that this group was relatively young (<10myo) and 
that the biogeography was largely sculpted by multiple independent dispersal events. My molecular phylogeny 
also displayed considerable discourse with contemporary taxonomy suggesting the need for taxonomic revisions 
and reassessment of morphological characters. In short, the biogeographic history of the Antarctic in combination 
with sub-Antarctic islands is significantly more complex than originally anticipated and detailed studies of a similar 
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INTRODUCTION 
The biogeography of the South Polar Region is both complex and contentious. Its complexity derives from the 
compound history of the continent and its surrounding islands. Antarctica itself is an amalgam of a large, eastern 
Antarctic block and a western complex of accreted terranes (Clarke, 2003; Vaughan and Storey, 2000). Likewise, 
its surrounding islands have a variety of geological origins and histories, ranging from relatively young volcanic 
islands like the Prince Edwards (McDougall et al., 2001), to more complex older islands and archipelagos such as 
South Georgia (~120 million years old (myo)) and the Kerguelen islands (~29myo) (Chown et al., 1998; Peck et 
al., 2006; Wallace et al., 2002). The contention has come largely from a debate about the origins of terrestrial 
Antarctic biotas (Allegrucci et al., 2006; Greve et al., 2005; Marshall and Pugh, 1996; Morrone, 1998; Udvardy, 
1987) and whether they are a consequence of dispersal or of vicariance. 
 
Low species endemism in some groups, particularly the mosses (Bednarek-Ochyra, 2000; Ochyra et al., in 
press), combined with substantially more extensive glaciation of the Antarctic, and many of its surrounding 
islands, during the last glacial maximum than at present (Hall, 2002; Peck et al., 2006), has encouraged the view 
that the majority of terrestrial Antarctic species are relatively recent arrivals, with perhaps a few microbial or 
protozoan taxa being substantially older. However, this idea is controversial (e.g. Brundin, 1966, 1998; Craig et 
al., 2003; Darlington, 1970; Kuschel and Chown, 1995; Pugh, 2004; Wallwork, 1973), and several studies have 
shown that at least some parts of the Continental Antarctic biota have a vicariant origin and are likely pre-
Pleistocene endemics (Allegrucci et al., 2006; Marshall and Coetzee, 2000). Consequently, the extent to which 
dispersal and vicariance has contributed to current biogeographic patterns in the terrestrial biota, and the 
relationship between the faunas of Antarctica and its surrounding islands (e.g. Barrat and Mougin, 1974; McInnes 
and Pugh, 1998; Wilkinson, 1990) remains vigorously debated (Chown and Convey, 2007; reviewed in Greve et 
al., 2005; Peck et al., 2006). 
 
Perhaps one of the main reasons for the controversy is that most analyses have been based on species-level 
distributional data for taxonomically problematic groups (e.g. Gressitt, 1970; Greve et al., 2005; McInnes and 
Pugh, 1998; Morrone, 1998; Muñoz et al., 2004; Pugh, 2004). Although such approaches have provided valuable 
initial insights into the biogeography of the region, they are confounded by several problems that can be better 
resolved with phylogenetic information for taxa in the areas under consideration (for comprehensive discussion 
see Brooks and McLennan, 2001; Brooks and van Veller, 2003; Morrone and Crisci, 1995). The development of 
knowledge concerning the biogeography and evolution of notothenioid fish in the Antarctic readily illustrates this 
point. Early work, based on morphological phylogenies and species distributions, suggested a progressive 
adaptation of more derived groups to cold, high-Antarctic environments, and subsequent radiation in the latter to 
form a species flock (reviewed in Clarke and Johnston, 1996). It also suggested that most sub-Antarctic taxa 
predate the isolation of Antarctica. Recent molecular phylogenetic work challenged this perspective. For the 
notothenioids, several sub-Antarctic taxa emerged after a variety of Antarctic species. Also, these fishes were 
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characterized by a recurrent pattern of dispersal across the Antarctic Polar Frontal Zone, and divergence within it 
(Bargelloni et al., 2000). Similar patterns of dispersal and speciation across the Antarctic Polar Frontal Zone have 
been recorded in other marine taxa following molecular phylogenetic assessments (e.g. Page and Linse, 2002). 
Recently, Brandt and colleagues (2007) assessed the marine biodiversity of the Weddell Sea. They recovered a 
vast amount of previously undescribed taxa from this region (for example >70% ostacods and 88% isopods 
caught were new to science) emphasizing the high level of biodiversity that exists, contrary to assumption that 
diversity is deprived around the Antarctic. This high level of diversity could be attributed to shelf-ice retreat and 
advance which forced species into deeper water, facilitating multiple migrations between the continental shelf and 
abyssal plains. Additional support included high levels of genetic similarity found between species (for example 
Epistominella exigua (Brady, 1884) and Oridorsalis umbonatus (Reuss, 1851)) from the continental shelf and the 
Deep Sea. When considering benthos, the APFZ does not limit their distribution (as for pelagic species); rather it 
forms a connection between the Southern Ocean and other ocean basins. 
 
In short, molecular work has revealed a level of marine biogeographic complexity in the region that was 
previously undetected. Although several terrestrial studies have noted the variability in relationships between 
different Antarctic areas and the surrounding islands (McInnes and Pugh, 1998; Morrone, 1998; Pugh et al., 
2002; Pugh, 2004), none to date have resolved the reasons for this complexity, nor explicitly examined the 
question of whether the biogeography of the terrestrial biota shows similar patterns to that found in marine 
systems (but see Greve et al., 2005 for discussion). Although the marine and terrestrial environments differ 
considerably (Peck et al., 2006), there is no a priori reason why some form of congruence in the biogeographic 
patterns of their biotas could not exist, especially given the fact that both environments would have experienced 
substantial regional changes in climate through time (see Clarke, 2003), and that dispersal to the Antarctic and to 
its surrounding islands has been well documented (Greenslade et al., 1999; Marshall and Chalmers, 1997).  
 
Undoubtedly the main reason for the current situation is the absence of molecular phylogenetic work for most 
terrestrial species. To date, most molecular work examined the population structure of specific species within 
given areas of the Antarctic or sub-Antarctic, especially in plants (reviewed in Skotnicki et al., 2000) and 
arthropods (Frati et al., 2000; Stevens and Hogg, 2003). Exceptions are one recent investigation of the moss 
Ceratodon purpureus (Hedwig) Bridel, 1826 (Skotnicki et al., 2004), the springtail Cryptopygus Willem, 1901 
(Stevens et al., 2006) and several studies of seabirds (e.g. Burg and Croxall, 2001, 2004; Nunn, 1996), which 
can, however, be considered an essentially pelagic group (Chown et al., 1998). This situation is understandable 
given the large size of Antarctica and the difficulty of reaching its isolated fragments of ice-free land, as well as 
the wide distribution and isolation of the Southern Ocean islands. Indeed, many of these areas are only now 
being investigated (Bargagli et al., 2004; Convey et al., 2000ab; Convey and McInnes, 2005; Marshall and 
Chown, 2002; Stevens and Hogg, 2002). 
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Nonetheless, recent collaborative efforts within the Scientific Committee on Antarctic Research 
(http://www.scar.org/researchgroups/lifescience/eba/) have enabled cross-regional sampling to be undertaken. 
Therefore, I present here the first broad-scale molecular phylogenetic study of a group of terrestrial organisms, 
the ameronothroid mites, as a basis for understanding the evolution and biogeography of terrestrial taxa in the 
Antarctic region. I focussed on these mites since they often feature in biogeographical studies due to their limited 
dispersal capabilities, their abundance in the South Polar Region and their assumed status as an ancient group 
(e.g. Starý and Block, 1998; Wallwork, 1973). They are also abundant and well represented in the South Polar 
Region (Pugh, 1993; Starý and Block, 1998; Wallwork, 1973). Lastly, they are unique considering their ability to 
occupy a diverse array of habitats (intertidal, supralittoral and terrestrial) (Marshall and Convey, 2004; Pugh, 
1993) which allowed me to test several biogeographical and evolutionary hypotheses. Such as, do congruent 
biogeographic patterns exist for both marine and terrestrial taxa in the South Polar Region? What are the relative 
divergence estimates for ameronothroids? Are the ameronothroids occupying the intertidal zone, older due to 
glaciation, than those in the terrestrial zone as previously suggested (for example Barendse et al., 2002; 
Wallwork, 1973)?  
 
MATERIALS AND METHODS 
Sample collection 
The taxonomy of the superfamily Ameronothroidea (Oribatida) is uncertain with various proposed classifications. 
In general, it is thought that the superfamily comprises approximately 40 peri-Antarctic species partitioned into 
three genera namely Podacarus Grandjean, 1955; Alaskozetes Hammer, 1955 and Halozetes Berlese, 1917 
(family Podacaridae). Although the focus of this study is on Halozetes, representative specimens of both 
Alaskozetes and Podacarus were also included in the analyses (refer to Table 2.1). Of the fifteen Halozetes 
species, I included eight Halozetes species (H. fulvus, H. crozetensis, H. belgicae, H. marinus, H. marionensis, H. 
intermedius, H. macquariensis and H. capensis) incorporating four subspecies (H. m. devilliersi, H. m. marinus, 
H. b. micki and H. b. brevipilis). At first, the closely related Podacarus auberti and Alaskozetes antarcticus 
(including A. a. intermedius) was selected as outgroup material. However, preliminary results indicated that both 
groups cluster within Halozetes. Therefore, the more distantly related oribatid taxa such as Aquanothrus 
montanus (Ameronothroidea) (believed to be an ancient species (Bayley, 1998)), Magellozetes antarcticus 
(Ceratozetoidea), Macquarioppia striata (Liacaroidea) and Platynothrus skottsbergi (Camisiidae), were included. 
The inclusion of successive outgroups can increase the accuracy of phylogenetic reconstruction (Graybeal, 
1998). The islands included are Heard, Kerguelen, Macquarie, Marion, Possession, South Georgia and South 
Sandwich. Localities from the Antarctic Peninsula and South Africa (H. capensis and A. montanus) were also 
included (Figure 2.1). Where possible, two mite specimens (per species) from two geographically diverse 
locations per island / landmass were included (see Figure 2.1 and Table 2.1). This was done to provide some 
assessment of intra-island variation. 
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Figure 2.1 A map of the South Polar Region including sampling sites. More detail on the species and the localities on the 
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 Table 2.1 Species are indicated in bold, followed by their respective authorities, the number of specimens as well as their 
respective localities. Whether the species inhabit terrestrial (T), supralittoral (S) or intertidal (I) zones are also indicated 
(Marshall and Convey, 2004; Pugh, 1993). 
Species T, S, I Locality 
Aquanothrus montanus  Engelbrecht, 1975 (n=2) T Augrabies (AG), South Africa (n=2) 
Magellozetes antarcticus  (Michael, 1895) (n=4) T/S Schlieper Bay (SB), South Georgia (n=4) 
Macquarioppia striata  (Wallwork, 1963) (n=2) T/S Third Sister (TS), Marion Island (n=2) 
Platynothrus skottsbergi Trägårdh, 1931 (n=2) T Hound Bay (H), South Georgia (n=2) 
Podacarus auberti Grandjean, 1955 (n=10) T Goodhope Bay (GB), Marion  Is (n=2) 
Archway Bay (AB), Marion Is (n=2) 
Atlas Cove (AC), Heard Is (n=4) 
Bird Island (BI), South Georgia (n=5) 
Schlieper Bay (SB), South Georgia (n=2) 
Alaskozetes antarcticus  (Michael, 1903) (n=27) T/S Goodhope Bay (GB), Marion Is (n=4) 
Base area (B), Kergeulen Is (n=2) 
Brothers Point (BP), Macquarie Is (n=2) 
Terrada Point (T), Brabant I (n=2) 
Leonie I (L), Marguerite Bay (n=2) 
Anchorage I (A), Marguerite Bay (n=2) 
Goudier I (G), Port Lockroy (n=2) 
Sven Foyn Harbour (SF), Lifeboat Is (n=2) 
Paradise Harbour (PH), Antarctic Peninsula (n=2) 
Halozetes fulvus  Engelbrecht, 1975 (n=4) T Trypot Beach (TB) (n=2) 
Bullard Beach (BL) (n=2) 
Halozetes capensis  Coetzee and Marshall, 2003 (n=1) I Kommetjie (K), South Africa 
Halozetes crozetensis (Richters, 1907) (n=6) T Atlas Cove (AC), Heard Is (n=2) 
Val Studor (VS), Kerguelen Is (n=4) 
Halozetes macquariensis  (Dalenius and Wilson, 1958) (n=4) T Brother’s Point (BP), Macquarie Is (n=4) 
 
Halozetes belgicae ( Michael, 1903) (n=26) T/S Macaroni Bay (MB), Marion Is (n=4) 
Base area (B), Possession Is (n=2) 
Atlas Cove (AC), Heard Is (n=2) 
Isle Australia (IA), Kerguelen Is (n=2) 
Base area (B), Kerguelen Is (n=2) 
Green Gorge (GG), Macquarie Is (n=2) 
Anchorage I (A), Marguerite Bay (n=2) 
Leonie I (L), Marguerite Bay (n=2) 
Cook I (C), South Sandwich (n=3) 
Schlieper Bay (SB), South Georgia (n=6) 
Halozetes intermedius Wallwork, 1963 (n=8) I Isle Australia (IA), Kergeulen Is  (n=2) 
Base area (B), Kergeulen Is (n=2) 
Green Gorge (GG), Macquarie Is (n=2) 
Brothers Point (BP), Macquarie Is (n=2) 
Halozetes marinus ( Lohmannn, 1907) (n=10) I Transvaal Cove (TC), Marion Is (n=4) 
Atlas Cove (AC), Heard Is (n=2) 
Buckles Bay (BB), Macquarie Is (n=2) 
Hasselborough Bay (HB), Macquarie Is (n=2) 
Halozetes marionensis  Engelbrecht, 1974 (n=4) I Macaroni Bay (MB), Marion Is (n=4) 
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DNA extraction  
Total genomic DNA was isolated using a phenol / chloroform extraction method described by Maniatis et al., 
(1982) and used in Mortimer and Jansen van Vuuren (2007). Briefly, a single mite was placed in 550µl of DNA 
lysis buffer (1M NaCl, 1M Tris, 0.5M EDTA, 10% SDS solution) and 8µl Proteinase K (10mg/ml). The extraction 
was incubated at 55°C for 5 hours, phenol-chloroform extracted, ethanol precipitated and eluted in 20µl distilled 
water (Hillis et al., 1996). Conventional DNA extraction procedures sometimes failed to yield DNA of useable 
quality.  In these cases, DNA was extracted with the DNeasy Tissue Kit (QIAGEN, Hilden, Germany) following 
the manufacturer’s recommendations. 
PCR and sequencing 
The majority of studies investigating arthropod relationships are based on the mitochondrial cytochrome oxidase 
subunit I gene (COI) (e.g. Navajas et al., 1996; Simon et al., 1994; Söller et al., 2001). A drawback in the 
exclusive use of mtDNA characters is that the data reach saturation and become homoplasic at which point they 
suffer from the same problems as are often encountered when dealing with morphological data. To enhance 
phylogenetic signal at the deeper nodes, the nuclear histone-3 gene (H3) was included. In general, slow-evolving 
nuclear genes have proven to be useful at taxonomic evaluation among invertebrates (Matsuo and Yamazaki, 
1998; Matsuo, 2000).  
 
The universal primers designed by Folmer et al., (1994) were used for amplification of COI resulting in a fragment 
of 494bp. The H3 primers H3AF and H3AR (Colgar et al., 1998) had limited success with the amplification of 
Halozetes DNA. Hence, species-specific primers were designed from the sequence alignment of the few 
successfully amplified specimens. The sense primer (HIST3F: CGTAAGTCGGCGCCCAGC) and the antisense 
primer (HIST3R: GACCCGTTTGGCGTGAATTGC) successfully amplified a 320bp fragment. This fragment 
corresponded to the 2nd exon (partial), 2nd intron and the 3rd exon (partial) of the H3 gene of Drosophila hydei 
(Akhmanova et al., 1995). 
 
Mitochondrial and nuclear PCR reactions were carried out in 30µl reaction volumes and included 2µl of genomic 
DNA, 3µl 10X reaction buffer, 3µl of 25mM MgCl2, 3µl of 1mM dNTP solution, 30pmol of each primer and 1 unit 
of Taq polymerase (Super-therm, Southern Cross Biotechnology, Cape Town, South Africa). The final volume 
was adjusted with deionised distilled water. All PCR reactions were done under similar cycling parameters which 
included an initial denaturation step at 94°C for 1 minute followed by 35 cycles of 94°C for 30 seconds, 40°C 
(COI) or 50°C (H3) for 30 seconds, 72°C for 45 seconds. A final extension step at 72°C for 5 minutes completed 
the reactions.   
 
Amplicons were electrophoresed in 1% agarose gels. Bands were excised and purified with the Wizard SV Gel 
and PCR clean-up system (Promega, Madison, USA) according to the manufacturer’s recommendations. 
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Nucleotide sequencing was carried out using BigDye® Terminator 3.1 mix (Applied Biosystems, Warington, UK). 
Sequencing cocktails were cleaned using Centrisep spin columns (Applied Biosystems, Warington, UK) and the 
products were analyzed on a 3100 automated sequencer (Applied Biosystems, Warington, UK). 
Electropherograms of the raw data were manually checked and edited with Sequence EditorTM software v1.0.3a 
(Applied Biosystems, Warington, UK). 
Sequence analysis 
The gene sequences (COI and H3) were aligned with Clustal X 1.81 (Thompson et al., 1997) using the multiple 
alignment mode. All alignments were checked for alignment errors and for stop codons. Uncorrected nucleotide 
p-distances as well as the AT/GC-content were calculated in MEGA 3.1 (Kumar et al., 2000). The transition to 
transversion ratio was determined using Treepuzzle 5.2 (Schmidt et al., 1999).  
Phylogenetic analysis 
Phylogenetic analysis included parsimony searches (MP), maximum likelihood (ML) and Bayesian Inference (BI). 
All analyses were performed on (a) the mitochondrial COI gene singly, (b) the single H3 gene and (c) the 
combined COI and H3 datasets after the partition homogeneity test indicated no conflicting signal in the data 
(p=1.000). Bootstrap values exceeding 75% (MP and ML) and posterior probabilities higher than 0.95 (BI) were 
considered to be statistically well supported (refer to Hillis and Bull, 1993; Hillis and Huelsenbeck, 1995). These 
different phylogenetic estimation methods (MP, ML and BI) were applied to check that the trees obtained were 
not an artefact of the method used. 
 
MP, employing the heuristic search criterion with TBR branch swapping, was implemented in PAUP* 4.0b10 
(Swofford, 2000). Nodal support was assessed through 1 000 bootstrap replicates. Bremer support values, 
indicating the number of unambiguous changes along branches (Bremer, 1994), were calculated in TreeRot 2c f 
(Sorensen, 1999) in conjunction with PAUP*. According to Wahlberg and Nylin (2003), values between five and 
eight were considered as good support, while values larger than eight were considered as strong support. Both 
the consistency index (CI) and retention index (RI) were calculated in PAUP*.  
 
Modeltest 3.06 (Posada and Crandall, 1998) was used to determine the model of evolution that best fitted the 
data. The Akaike Information Criterion (AIC) was preferentially used because it minimizes those parameters that 
do not contribute phylogenetic information (Bernham and Anderson, 2002; Nylander et al., 2004). ML searches 
were performed in PAUP*. Given computational time limitations, I used PhyML 2.4.4 (Guindon and Gascuel, 
2003) to assess the robustness of nodes through 1000 bootstrap replicates. Following this, a strict consensus 
tree was constructed using Consense in Phylip 3.5c (Felsenstein, 1993). The Shimodaira and Hasegawa (1999) 
test was conducted on the combined ML tree to assess the robustness of contemporary taxonomic boundaries to 
alternative hypotheses. 
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Posterior probabilities for the BI analysis were determined by running one cold and three heated chains for 5 000 
000 generations in MrBayes 3.1.1 (Ronquist and Huelsenbeck, 2003). My combined analysis, which comprised 
two gene fragments, was analyzed in a partitioned manner to allow the selection of different optimal models for 
each partition (Ronquist and Huelsenbeck, 2003). The optimal model, selected under AIC criteria (see above), 
was specified as prior for each partition. Each analysis was repeated and trees were sampled every 100 
generations. Stability was determined using the sump command in MrBayes and the first 35 000 generations 
were excluded as burn-in. Posterior probabilities for nodes were calculated from the remaining topologies. 
Molecular clock  
Two methods were implemented to estimate the divergence time of the ameronothroid mites, namely a relaxed 
Bayesian clock and a conventional molecular clock approach. The relaxed Bayesian clock method is designed for 
multigene data and uses relative rates. Two software packages are included namely PAML 3.15 and Multidivtime 
3.15 (Thorne and Kishino, 2002). In the analysis, I used a simplified version of the combined tree as the 
reference tree and included both gene datasets. In short, the Markov chain was selected every 10 000 
generations of every 100th cycle. The burn-in was set to 10 000. Default parameters were used except for a few 
specified priors where “rttm” (expected time between root and the tip) was set to 20mya (SD=20mya), “rtrate” 
(rate of evolution at the ingroup node) was set to 0.003 (SD=0.003) and the “bigtime” (highest number of time 
units between the root and the tip) was set to 150mya (approximate time of the Gondwana break-up). Both the 
prior and posterior were estimated to determine if the clock results were based on the data or the priors. The 
unconstrained tree was used to interpret the different rates (or ages) for each species. All the rates were divided 
by the “bigtime” prior. Due to the lack of fossil data to calibrate the dates, the rate obtained for H. fulvus was 
standardized to an upper and lower boundary of 1.0mya and 0.5mya. These dates were selected given that H. 
fulvus is endemic to Marion Island and these are believed to be the approximate ages of the island.  
 
In terms of the conventional molecular clock, it is generally thought that the COI gene in arthropods evolves at an 
average rate of 2% to 2.3% per million years (Brower, 1994; DeSalle et al., 1987). Salomone et al. (2002) used 
the average of this rate (2.15% per million years) to determine the divergence times for oribatid mites of the 
family Steganacaridae on the Canary Islands. Thus, a rate of 2.15% per million years was applied to the COI data 
to estimate divergence times within the clades. It is important to note that all these dates should be seen only as 
estimates, especially because the standard errors associated with them are large. 
Biogeographic analysis 
Two approaches were used to investigate the biogeographic history of ameronothroid mites in the Southern 
Oceans: The first (DiVa 1.1; Ronquist, 1997) is an event-based method that considers vicariance, dispersals and 
extinctions (but see Brooks and McLennan, 2001; Yuan et al., 2005). The second (LaGrange 1.0.1; Ree et al., 
2005) is a likelihood approach that incorporates a parametric inference which takes both anagenetic and 
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cladogenetic changes into account. For DiVa, I defined two geographic units namely sub-Antarctic (Marion, 
Heard, Kerguelen, Macquarie, South Georgia and Possession Islands) and Maritime Antarctic (Antarctic 
Peninsula and South Sandwich Islands), because I was interested in dispersal across the Antarctic Polar Frontal 
Zone (APFZ). Analyses were based on a simplified version of the combined (COI and H3) tree (all duplicate taxa 
were trimmed from the tree and I retained a single representative specimen per species). The current distribution 
of each species was coded as present or absent in each of these areas. For the DiVa analyses, I set the 
“maxareas” option of the “optimize” command to two. For LaGrange, I set the “root age” to 10 million years ago 
(mya) and 20mya, respectively, because of the uncertainty around the age of this node. Similar to the DiVa 
analyses, I used the simplified version of the combined tree and specified two geographical units (sub-Antarctic 
and Maritime Antarctic). 
 
RESULTS  
Largely congruent results were found irrespective methods of analyses or whether genes were analyzed singly or 
in combination. I therefore presented my main description of the phylogeny only for the combined analyses. I did, 
however, highlight important phylogenetic aspects pertinent to the single gene analyses. 
Gene analysis 
Combined analysis 
The combined data set comprised 708bp (H3: 214bp; COI: 494bp) (see single genes for details; sequences will 
be submitted to GenBank prior to manuscript submission and voucher specimens will be submitted to the 
National Museum in Bloemfontein, South Africa) for 111 specimens. The optimal model that provided the best fit 
for the combined data was TVM+I+G (I=0.5345; G=0.5870; base frequencies A=0.2926, C=0.1773, G=0.1430 
and T=0.3871; and the rate matrix R(a) [A-C]=0.5023, R(b) [A-G]=6.2954, R(c) [A-T]=0.6405, R(d) [C-G]=0.9836, 
R(e) [C-T]=6.2954 and R(f) [G-T]=1.000), and this model was used in ML searches. BI analyses were run with the 
optimal models specified for each of the two character partitions (COI and H3; see below for optimal model 
selected). MP analysis resulted in 1598 equally most parsimonious trees (tree length=1502, CI=0.3182, 
RI=0.8539). 
 
Congruent topologies were retrieved irrespective of the method of analyses (MP, ML and BI). The ML topology is 
shown in Figure 2.2. When considering the outgroups, the combined analyses (as well as the single gene 
analyses) showed minor discrepancies in the exact placement of the outgroup taxa. For all the analyses (singly 
and combined), the relative position of the distantly related outgroups, M. antarcticus and M. striata, was unclear. 
The combined analyses do, however, show that M. antarcticus was paraphyletic. The two closely related 
outgroups Alaskozetes antarcticus (MP=96, ML=99, BI=98, Bremer=16) and Podacarus auberti (MP=100, 
ML=100, BI=100, Bremer=11) both clustered within the ingroup Halozetes. In addition, not all the species 
included in my analyses proved to be monophyletic. Halozetes belgicae was paraphyletic, with specimens from  
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Figure 2.2 Maximum Likelihood topology (-lnL=7295.55) as constructed for the 708bp combined COI and H3 gene 
segments. The numbers above the branches indicate bootstrap support for Parsimony searches (1000 replicates) and 
Maximum likelihood (1000 replicates), respectively, while the posterior probabilities of Bayensian Inference (5 million 
generations) are indicated underneath the branch. Bremer support values are indicated in brackets (only values >5). 
Specimens for which only COI sequences were available are indicated with arrows. The specimen names refer to the 
sampling localities and are presented Table 2.1. 
 
Heard, Macquarie and South Georgia islands forming part of a more derived clade, and those from Marion, 
Heard, Macquarie and the South Sandwich islands, and the Antarctic Peninsula forming part of a more basal 
clade. H. intermedius was also paraphyletic. The remainder of the species were monophyletic. 
 
Two main groups based on habitat preference were discernable in all topologies. The one group comprised the 
interidal mite species (H. marinus, H. intermedius and H. marionensis) (MP=94, ML=99, BI=100, Bremer=13), 
while the supralittoral / terrestrial mite species (H. macquariensis, P. auberti, A. antarcticus, H. belgicae, H. 
crozetensis and H. fulvus) (ML=78, BI=95) formed a clade.  
 
H3 
In the nuclear H3 gene the exons were conserved across all taxa. The intron region of both the ingroup and 
outgroup species was highly variable and could not be aligned. Because of this, the intron region was removed 
from further analyses. Phylogenetic analyses of the H3 gene were therefore based on 214bp of the H3 gene (2nd 
and 3rd exon and a small portion of the 2nd intron that could be unambiguously aligned). When the outgroup taxa 
were included, the 214bp fragment had 65 variable sites of which all were parsimony informative. When 
considering only the ingroup, 35 characters were variable and all were parsimony informative. The H3 gene had a 
mean GC-content of 50.3%. The transition to transversion ratio (Ts:Tv) was 0.99:1.  
 
ML and BI recovered topologies that were largely congruent with the MP topologies. The substitution model that 
provided the best fit for the nuclear data was K80+G (G=0.2739 and the base frequencies were equal). MP 
analyses resulted in 24 equally most parsimonious trees (tree length=94, CI=0.8085, RI=0.9584).  
 
The trees based on the nuclear data were better resolved at the deeper nodes with less resolution for more 
recent clusterings (data not shown). Of the distantly related oribatid outgroups, I was unsuccessful with the 
amplification of the H3 gene of A. montanus. Thus, only M. antarcticus and M. striata were included. Also, the H3 
gene of H. capensis failed to amplify. Similar to the combined analyses, the closely related outgroups (A. 
antarcticus and P. auberti) grouped within Halozetes and H. belgicae proved to be paraphyletic.  
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Uncorrected divergence values separating species ranged between 0.1% (H. marionensis vs H. intermedius) to 
24.8% (M. striata vs H. macquariensis and M. striata vs P. auberti). Divergence values within species were low 
with several species, such as H. crozetensis, H. marionensis, H. macquariensis and M. striata, having no intra-
specific variation. The largest within species divergence was 2.2% within M. antarcticus and 1% within H. 
belgicae, A. antarcticus and H. marinus. 
 
COI 
A 494bp fragment of the COI gene was amplified and sequenced for 114 specimens. This fragment contained no 
stop codons. When including the outgroup taxa, 244 characters were variable and 230 parsimony informative. 
When considering only the ingroup, these values decreased only slightly to 208 variable and 197 parsimony 
informative characters. The Ts:Tv was estimated to be 2.2:1.  
 
Phylogenetic trees were largely congruent irrespective of method of analyses (MP, ML and BI). When considering 
the ML and BI analyses, the model of substitution that provided the best fit for the data was TVM+I (invariance= 
0.4580)+G (gamma=0.6339); base frequencies A=0.2859, C=0.1672, G=0.1252 and T=0.4218; and the rate 
matrix R(a) [A-C] = 0.4370, R(b) [A-G]= 6.5954, R(c) [A-T]=0.5348, R(d) [C-G]=0.7116, R(e) [C-T]=6.5954 and 
R(f) [G-T]=1.000). The MP search resulted in 2400 equally most parsimonious trees (tree length=1680, 
CI=0.2708, RI=0.8293).  
 
In contrast to the H3 gene, the tips of the trees were well resolved whereas deeper nodes collapsed following 
rigorous statistical testing (data not shown). Minor discrepancies were evident in the exact placement of the 
outgroup taxa, however, as expected Aquanothrus montanus always grouped basal to all the other species 
(ML=100, BI=100, Bremer=32). Interestingly, the single H. capensis specimen from South Africa (Kommetjie) 
grouped within H. fulvus (MP=100, ML=99, Bremer=11). The remainder of the phylogenetic findings were similar 
to the combined analyses. 
 
The mean AT-content of the COI gene was 63.5% increasing to 76.3% when only the 3rd codon position was 
considered. When the tree topology was ignored and only the contemporary taxonomy considered, the 
uncorrected nucleotide divergences between species ranged from 2.6% (H. capensis vs H. fulvus) to 25.1% (A. 
montanus vs H. capensis). Intra-specific variation ranged from 0% (four H. macquariensis specimens were 
characterized by a single haplotype) to 14.8% (H. belgicae collected from Marion, Kerguelen, Possession, 
Macquarie, South Georgia, South Sandwich Islands as well as the Antarctic Peninsula).  
SH test 
To verify whether H. belgicae and H. intermedius represented monophyletic species or whether they were indeed 
paraphyletic as the phylogenetic analyses suggested, a SH test (Shimodaira and Hasegawa, 1999) was 
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implemented. Enforcing the monophyly of H. intermedius, the constraint tree was not statistically worse (–lnL 
7295.47, p=0.299) than the best unconstrained tree. On the contrary, enforcing the monophyly of H. belgicae, the 
constraint tree was statistically worse (-lnL 7333.69, p=0.004), thus supporting the paraphyly of H. belgicae.  
Molecular Clock 
In general, the conventional molecular clock estimates were slightly higher than the relaxed Bayesian clock 
estimates (Figure 2.3). However, both analyses indicated that the Halozetes group was relatively young. Applying 
the relaxed Bayesian clock, and keeping in mind that these dates have large errors associated with them, the 
divergence time between intertidal species (H. marinus, H. intermedius and H. marionensis) and the terrestrial / 
supralittoral species (H. macquariensis, P. auberti, A. antarcticus, H. belgicae, H. crozetensis and H. fulvus) was 
estimated to be 2.8(±0.6) to 5.6(±1.3)mya. The divergence estimates of Halozetes species (including Antarcticus 
and Podacarus) ranged from 0.6(±0.3)-1.3(±0.6) (H. marionensis vs H. intermedius) to 2.5(±0.6)-5.0(±1.3)mya 
(H. macquariensis vs P. auberti, A. antarcticus, H. belgicae, H. crozetensis and H. fulvus) (see Figure 2.3 for 
more details). 
Biogeography 
Even though DiVa has been criticised (for example Brooks and McLennan, 2001; Yuan et al., 2005), both DiVa 
and LaGrange indicated multiple dispersal events between the sub-Antarctic and Maritime Antarctic (Scotia Arc 
excluding South Georgia Island) region. The analyses conducted for the species’ entire distribution range 
compared to the specific localities included in this study, rendered similar results. According to the DiVa analyses, 
two independent dispersal events occurred (see Figure 2.3). Since DiVa is parsimony based, I could not discern 
whether the two dispersals represent two independent dispersals to Maritime Antarctic or one dispersal to 
Maritime Antarctic and one dispersal back to the sub-Antarctic. For La Grange, the log-likelihood estimates 
indicated three major dispersal events between sub-Antarctic and Maritime Antarctic (see Figure 2.3). The 
highest likelihood of La Grange indicated that three independent dispersals occurred to Maritime Antarctic. The 
different “root ages” (i.e. 10mya and 20mya) rendered similar results.  
 
DISCUSSION 
My results suggest that dispersal biogeography has been an important mechanism for shaping the biotic 
communities in the South Polar Region. My results further suggest that the evolution of these mites was habitat 
specific with niche occupation being a possible driver for diversification. Molecular data show this group to be 
relatively recent and certainly post date large scaled continental drift. Current taxonomic designations based on 
morphology are in conflict with my molecular topology, suggesting taxonomic revisions and reassessment of 
alpha taxonomic characters. 
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Figure 2.3 The simplified topology of the combined (COI and H3) ML tree with the conventional COI nucleotide clock 
estimates as well as the relaxed molecular Bayesian estimates (RB) plotted on each node (see Figure 2.2 for original ML 
tree). The localities and habitats are indicated next to each species. The blue lines represent major dispersal events that 
were found using LaGrange (Ree et al., 2005) and the arrows indicate the DiVa results (Ronquist, 1997).  
 
Biogeography 
When considering my tree topology, it becomes evident that sub-Antarctic and Maritime Antarctic taxa are 
intermingled with little congruence between the distributional data and phylogenetic clustering. For example, H. 
intermedius and H. macquariensis, both species with restricted distributions (<3 sub-Antarctic islands) appeared 
to be older than wide-spread species such as A. antarcticus and H. crozetensis (Figure 2.3, see Marshall and 
Convey, 2004; Pugh, 1993 for distributional data). Biogeograpical analyses (DiVa and LaGrange analyses) 
indicated multiple independent dispersals of amoronothroid mites between Maritime Antarctic (Scotia Arc 
excluding South Georgia Island) and sub-Antarctic (i. e. across the APFZ), a finding that was also clear when 
considering sampling localities on my phylogenetic tree (Figure 2.3). Even though my findings were based on a 
single specimen and single gene fragment (COI), it is clear that H. capensis was extremely closely related to H. 
fulvus (Marion Island). Notwithstanding current taxonomy (H. capensis may be a synonym of H. fulvus); the 
presence of this specimen on Marion Island constitutes a dispersal either to or from the African continent.  
 
When comparing my results to a previous study conducted on the moss species, Ceratodon purpureus, a similar 
scenario was evident. The authors used nuclear ITS-1 and RAPD data to infer genetic variation within and 
between populations collected from various localities in the Antarctic, sub-Antarctic (Heard, Macquarie Island and 
New Zealand) and Australia. Again, sub-Antarctic and Antarctic sequences were intermingled. The ITS-1 
sequences of Australia grouped sister to the remainder of the localities. The sequences from Heard Island and 
Europe shared similarities, while Macquarie Island sequences were more related to the Antarctic sequences. 
Similar to the mites, this may imply multiple independent dispersals in the Antarctic region (Skotnicki et al., 2004).  
 
Even more fascinating is that the pattern retrieved among in terrestrial taxa (moss and mites) is also found in the 
marine environment, specifically in Antarctic notothenioid fish and bivalve fauna. Bargelloni and colleagues 
(2000) sequenced the 16S and 12S ribosomal DNA for the notothenioid fishes. They also found that a complex 
pattern existed in these fishes and that the Antarctic species could not be separated from sub-Antarctic species. 
For example the Harpagiferidae, which is mostly restricted to the sub-Antarctic waters, grouped sister to the 
Artedidraconidae, which are found in the waters close to Antarctica. The authors suggested a recurring pattern of 
dispersal across the APFZ with subsequent diversification for some of these fishes. Similar results were obtained 
for the bivalve, Limatula Searles-Wood, 1839 (Page and Linse, 2002). The phylogenetic tree (18S, 16S and ITS-
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1) showed the mixed groupings of sub-Antarctic and Antarctic specimens. Again it was suggested that dispersal 
across the APFZ coupled with speciation occurred. 
Habitat specificity 
It is generally accepted that life on earth originated in the sea. The ancestral aquatic arthropods gradually 
progressed from the fringes of coastal areas onto the land where they steadily evolved into the magnitude of 
terrestrial insects and other hexapods known today (McGavin, 2001; Vermeij and Dudley, 2000, and references 
within). Specifically referring to oribatid mites, Procheş and Marshall (2001) argued that the ancestor to this group 
evolved on land although contemporary species are largely associated with marine and intertidal environments. 
Bernini and colleagues (2000) took the opposite view and suggested that oribatid mites evolved in the sea. 
Wallwork (1973) was the first to propose, based on zoography, that the more ancestral species within the 
Antarctic Ameronothroidea (which includes Halozetes) were the intertidal taxa (not fully aquatic but similarly not 
completely terrestrial), specifically H. marinus and H. littoralis, and not the terrestrial species. Since then studies 
like Barendse and colleagues (2002) confirmed this for Marion Island based on the relative ages of the different 
vegetation types and habitat specificity of mites. They argued that these older intertidal habitats acted as refugia 
for species during glaciation periods when terrestrial environments were largely covered by ice. The pattern in the 
Northern Hemisphere appeared somewhat different with Schulte and Weigmann (1977) arguing that the 
Ameroidea, specifically Ameronothrus Berlese, 1896, used terrestrial areas as refugia during glaciation and that 
these terrestrial species are therefore ancestral.  
 
I speculate that the evolution of the ameronothroid mites (which are restricted to the different habitat zones i.e. 
intertidal, supralittoral and terrestrial) has been driven largely by habitat specificity with niche availability. This was 
supported by the tree topology which indicated two well-supported clades corresponding to habitat preference 
(intertidal and terrestrial / supralittoral) (see Figure 2.3). The availability of suitable outgroups hampered robust 
conclusions regarding to ancestral state of the outgroups confined to terrestrial habitats and to intertidal zones. 
The other member of the family Podacaridae, Antarcticola Wallwork, 1967, occurs in both the intertidal and 
supralittoral environments (Pugh, 1993). However, given the uncertainty regarding the taxonomy of this group 
(the other outgroup taxa such as Alaskozetes and Podacarus grouped within Halozetes) and the fact that 
Antarcticola was not included here, complicated evolutionary inferences. Thus, at this stage it is impossible to 
determine which group (intertidal or terrestrial / supralittoral) is more primitive or derived since the intertidal and 
terrestrial / supralittoral clades formed sister groups.  
Molecular clock 
A conventional molecular clock as well as a relaxed Bayesian clock was applied to the data to determine 
divergence dates. Molecular clocks are dependent on the genes used; therefore these dates should only be seen 
as estimates, especially since no fossil data are available for calibration. The estimates of both clocks indicated 
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that this ameronothroid mite group was young (<10myo). This is contrary to the belief that it is an ancient group. 
The distribution of the ameronothroid mites in the South Polar Region lead Wallwork (1973) to believe that the 
existence of these mites predates the break-up of the southern continents. The estimates are also consistent with 
molecular clock calculations for Limatula (for 16S: 1.36-8.03myo; for 18S: 6.81-19.12myo and for ITS-1: 0.24-
2.87myo) and most of the notothenoid fishes (5-12myo). Thus, the molecular data indicated that ameronothoid 
mites together with several other groups, diverged after the APFZ was formed since the Drake Passage opened 
~30-35mya (Livermore et al., 2005; Livermore et al., 2007). According to my tree topology, H. belgicae was the 
first species to cross the APFZ during the Pliocene, followed by A. antarcticus, probably on two separate 
occasions during the Pliocene-Pleistocene boundary.  
 
According to my divergence estimates, episodic and rapid evolution in the ameronothroid mites may have 
occurred during the Miocene (23.5–5.3mya), Pliocene (5.3–1.8mya) as well as at the beginning of the 
Pleistocene (1.8–0.10mya) epochs. During this time, the earth experienced major global temperature cooling 
partly due to plate tectonics as well as paleogeographic and paleoceanographic events. The South Polar Region 
was enclosed by a circum-polar ice sheet and the circum Antarctic current also intensified. Glaciation in the 
Antarctic peaked during the Middle Miocene and together with polar cooling, had mayor affects on the Indian 
Ocean basin (Banakar and Hein, 2000; Williams and Handwerger, 2005; Zachos et al., 1992). In addition, most of 
the sub-Antarctic islands that had already surfaced by this time were geologically dynamic as evidenced by the 
Kerguelen Plateau (Bohaty et al., 2003) and the origin of the stratovolcano on Possession Island (Bellair, 1964; 
Lameyre and Nougier, 1982). During this dynamic period, it is very likely that a niche for sub-Antarctic marine 
mites could have developed (S. Proches, personal communication). The sub-Antarctic islands’ position relative to 
the APFZ that originated ~30-35mya, as well as the movement of the APFZ further influenced the climate (and 
also speciation) on different islands (Hall, 1990). 
Taxonomy 
For the ameronothroid mites, which are distributed across the Maritime and sub-Antarctic region, discrepancies 
existed between molecular and morphological data. A similar scenario was apparent in the South Polar marine 
system, referring to the notothenioid fishes, discrepancies also existed between molecular and morphological 
data. Using mitochondrial markers (16S and 12S), the authors emphasized the lack of monophyly that exist for 
most notothenioid species that are distributed in both Antarctic and sub-Antarctic waters (Bargelloni et al., 2000). 
My data showed clear inconsistencies between the contemporary taxonomy and molecular evidence. What is 
proposed is a full taxonomic revision for the genus Halozetes, and indeed the larger ameronothroid group where 
detailed morphological investigations may help to resolve “unexpected” relationships when taking traditional 
classifications into account. The most obvious and surprising inconsistencies in terms of taxonomy were 
Alaskozetes antarcticus and Podacarus auberti, my original closely-related outgroup taxa, that nested within 
Halozetes. I propose according to my genetic data, that the generic status of Podacarus and Alaskozetes should 
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be reassessed since these do not constitute robust genera. This implies that the current morphological characters 
being used for taxonomic identification are insufficient.  
 
The topology indicated that both H. belgicae and H. intermedius were paraphyletic. When enforcing the 
monophyly of H. intermedius, the constraint tree was not statistically worse, therefore I cannot statistically support 
the paraphyly of this genus. Importantly, only a single specimen from Macquarie Island clustered outside of the 
main H. intermedius group, and it is likely that this aberrant placement may be the result of statistical analyses 
rather than true taxonomy. In contrast, the SH test unequivocally indicated a paraphyletic origin for H. belgicae.  
Taking into account that H. belgicae is the most widespread of all Halozetes species (Marshall and Convey, 
2004; Pugh, 1993; Wallwork, 1973), the results are perhaps not that surprising. It has also been found that there 
are various morphological differences including individual differences present in this species (Marshall, personal 
observation). This implies that species boundaries are not well-defined with any robust morphological characters.  
 
Other terrestrial studies focussing on groups such as Cryptopygus antarcticus travei Déharveng, 1981 
(Collembola) that is similarly widespread in the South Polar Region, can also be described as complex. Stevens 
and colleagues (2006) have shown that several paraphyletic relationships exist for Cryptopygus species. These 
findings, when taken in concert with mine, indicate that analyses based on species distributional data of 
taxonomically difficult groups can be problematic. Adequate molecular and morphological taxonomic knowledge 
of the chosen taxa may be a prerequisite before attempting to explain the complex biogeography in the South 
Polar Region.   
 
To conclude, the taxonomy of the ameronotroid mites is in need of revision and my molecular study may provide 
a guideline for the future morphological studies that will be conducted on Halozetes. A similar pattern of mixed 
groupings of sub-Antarctic and (Maritime) Antarctic taxa was observed in both terrestrial and marine 
environments. It was proposed that multiple independent dispersals of taxa occurred across the APFZ with 
diversification within it. The molecular dates indicated that the ameronothroid mites were a young group and 
diverged after the formation of the APFZ. I also found evidence that the evolution of the ameronothroid mites was 
driven by habitat specificity. Thus, the biogeographic history of the Antarctic in combination with sub-Antarctic 
islands is significantly more complex than originally anticipated and detailed studies of a similar nature to the one 
presented here are needed to elucidate evolution and biogeography in the area. 
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ABSTRACT  
Marion Island, situated ~2300km south-east of Cape Town, South Africa, has experienced multiple volcanic and 
glaciation events during its history. To better understand the impact of these events on species’ genetic structure, 
we determined the phylogeographic population structure of the mite, Eupodes minutus. We included 57 
individuals sampled from 11 localities across the island. Our analyses based on the mitochondrial COI gene 
suggest a population expansion as would typically be expected when species recover after being confined to 
refugia. Standard Phi (Φ) -statistics and a Spatial Analysis of Molecular Variance (SAMOVA) identified unique 
populations on the south-western and south-eastern sides of the island. We argue that multiple volcanic events 





























Chapter 3: Phylogeography of Eupodes on Marion Island                                                                            Page 53 
INTRODUCTION 
Marion Island (PEI; 46º54’S, 37º45’E), together with Prince Edward Island (PEI; 46˚38’S, 37˚57’E), forms part of 
the Prince Edward Island archipelago (PEI) situated in the Southern Ocean. Marion Island is generally believed to 
be between 500 000 and 1 million years old (McDougall 1971; Smith 1987; Hänel and Chown 1998; McDougall et 
al. 2001). During this time, several glacial cycles (~five) and volcanic events (~eight) have characterized the 
island’s history (McDougall et al. 2001) and it can safely be assumed that these events have contributed 
significantly to shaping the current spatial distribution of genetic variation for indigenous fauna and flora. 
Specifically, glaciation events would have confined fauna and flora to isolated refugia. Volcanism causes the 
extinction of populations directly in the path of lava flows; in addition, these lava flows also present long term 
extrinsic barriers to gene flow.  
 
Mite and Collembola species dominate the terrestrial fauna in the South Polar Region (Wallwork 1973). These 
invertebrates play an essential role in nutrient recycling on sub-Antarctic islands since they are the only 
herbivores and detrivores present (Burger 1985; Tréhen et al. 1985; Chown et al. 2002). Sixty mite species have 
been recorded on PEI (Marshall et al. 1999). The fungivorous prostigmatid mite, Eupodes minutus Strandtmann, 
1967 is the most abundant species on Marion Island and is found most commonly in the cushion plant Azorella 
selago Hook. f., 1847 (Barendse et al. 2002). Hugo (2006) reports that even though E. minutus is found across 
the island, it is most abundant on the calmer eastern side, has no altitude preference, and prefers warmer and 
drier conditions. 
 
Very little is known about the genetic variation of the fauna and flora that inhabit Southern Ocean islands. Only a 
few phylogeographic studies have been conducted on Antarctica (see for example Fanciulli et al. 2001; Frati et al. 
2001; Hogg and Stevens 2002; Stevens and Hogg 2003) and New Zealand (Garrick 2002; Garrick et al. 2004) 
focusing primarily on springtails (Collembola). However, similar studies are lacking for other sub-Antarctic 
Islands. To extend our limited knowledge, we present our preliminary findings detailing the phylogeographic 
population structure of E. minutus across Marion Island based on analyzed data for the mitochondrial cytochrome 
oxidase subunit I (mtCOI) gene (for usefulness of this gene see Salomone et al. 1996; Frati et al. 2000; Garrick 
2002; Hogg and Stevens 2002; Garrick et al. 2004; Stevens and Hogg 2003). This represents, to our knowledge, 
the first documentation of intra-specific genetic variation for invertebrates on Marion Island and one of only a few 
studies pertaining to Southern Ocean islands. This study forms part of a larger project aiming to document the 
spatial distribution of both genetic and ecological variation for a large group of species from Marion Island; data 
that will allow us to search for congruent patterns and processes underlying the evolutionary history of 
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MATERIALS AND METHODS 
Sample collection 
We collected 57 E. minutus specimens from 11 localities across Marion Island during the 2005 relief voyage 
(Figure 3.1). Mites were sampled primarily from the cushion plant, A. selago. Specimens were preserved in 
absolute ethanol by means of Tullgren extractions (Southwood 1978). Due to their small size, E. minutus was 
identified using light microscopy (50x magnification) prior to preservation in absolute ethanol. 
DNA extraction  
Individual mites were pipetted into separate 1.5ml-microcentrifuge tubes and incubated for 30 minutes at 50°C to 
evaporate the excess ethanol. Prior to DNA extraction, the mites were softened by two freeze / thaw cycles at 
(minus) -70°C and 50°C respectively (Rainer Söller, personal communication). Total genomic DNA was then 
extracted from individual mites using the QIAamp DNA micro kit (QIAGEN, Hilden, Germany) according to the 





Figure 3.1 A map indicating the sampling localities of E. minutus across Marion Island (adapted from Smith and Gremmen 

























La Grange Kop 
Grey Headed 
Watertunnel 









Chapter 3: Phylogeography of Eupodes on Marion Island                                                                            Page 55 
PCR and sequencing 
COI sequences were amplified from five to ten pooled E. minutus individuals using primers described by Folmer 
et al. (1994). These sequences were used as a template to design species-specific primers with PerlPrimer 1.1.5 
(Marshall 2003). A nested PCR had to be performed due to the small quantity of DNA extracted from each 
individual. The first primer set amplified a ~500bp stretch followed by the two nested PCRs with two overlapping 
fragments within this stretch. The total fragment, comprised of the two overlapping nested fragments, was 413bp 
in length. In the initial PCR, the species-specific forward primer EMCOIF1 (5’-GAAATCCAGAAATAATAGGTC-3’) 
was used in combination with the reverse primer (HCO 2198, Folmer et al. 1994). The two sets of nested PCR 
primer pairs consisted of EMCOIF3 (5’-CTATAATGTATTAGTAACAAGAC-3’) and EMCOIR2 (5’-
TGAAGTGAGAAAATGGT-3’), and EMCOIF4 (5’-CAGGGTGAACAGTATATC-3’) and EMCOIR3 (5’-
TGTGTTGTAATTTCGATCT-3’).  
 
All the PCR reactions were performed using 10ng of DNA under the following cycling parameters: 94°C for 1 
minute, (94°C for 30 seconds, 50°C for 30 seconds and 72°C for 45 seconds) for 35 cycles with a final extension 
step at 72°C for 5 minutes. PCR products were gel purified with the Wizard SV Gel and PCR clean-up system 
(Promega, Madison, USA) according to the manufacturer’s recommendations. Nucleotide sequencing was 
carried out using the forward primers (i.e. EMCOIF3 and EMCOIF4) with half-reactions of BigDye® Terminator 3.1 
mix (Applied Biosystems, Warrington, UK). Purified sequencing products were run on an ABI 3100 automated 
sequencer (Applied Biosystems, Warrington, UK). Electropherograms of the raw data were edited with BioEdit 
7.0.5 (Hall 2005). All E. minutus sequences were deposited in GenBank (accession numbers DQ675083-
DQ675139). 
Sequence analysis 
Sequences were aligned with Clustal X 1.81 (Thompson et al. 1997) using the multiple alignment mode with 
default parameters. PAUP* 4.0b10 (Swofford 2000) was used to assess the nucleotide composition and the 
number of parsimony-informative sites. Sequence divergences were determined in MEGA 3.1 (Kumar et al. 
2000). Haplotypes were identified using Collapse 1.2 (Posada 2004). To depict the evolutionary relationships 
(number of mutational steps) among the haplotypes, we constructed a median-joining network using NETWORK 
4.1.1.2. (Polzin and Daneshmand 2004).   
 
A demographic method was implemented to investigate the spatial distribution of mitochondrial variation 
(SAMOVA, Dupanloup et al. 2002). SAMOVA 1.0 provides a way to identify spatially differentiated groups 
allowing for the identification of (possible) barriers to gene flow. A hierarchical analysis of molecular variance 
(AMOVA as implemented in Arlequin 2.0, Schneider et al. 2000) was used to estimate traditional Phi (Φ) –
statistics reporting the degree of variation between populations as well as between individuals within these. In 
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both instances, tests of significance for departure from the null distribution were performed using permutational 
procedures (1000 randomisations) in Arlequin 2.0. 
 
To investigate whether haplotype frequencies deviated from equilibrium, Fu’s (1997) F-statistic was calculated 
using Arlequin 2.0. To further investigate if the deviation from equilibrium might be due to past demographic 
changes, we plotted the number of mutational changes separating haplotypes against their respective 
frequencies (Rogers and Harpending 1992). A χ2 goodness-of-fit test was used to compare observed and 
expected distributions. The raggedness statistic (rg) (Harpending et al. 1993; Harpending 1994), an indication of 
the smoothness of the mismatch distribution (population growth = lower rg vales), was calculated in Arlequin 2.0.  
We also employed coalescence-based methodology to calculate exponential growth rates (g-values in Fluctuate 
1.30 (part of LAMARC software package), Kuhner et al. 1998) for E. minutus.  
 
RESULTS AND DISCUSSION 
A total of 413bp (137 amino acids) were obtained for the COI gene. Of these, 22 sites were polymorphic and 14 
parsimony informative among the 57 individual mites that were sequenced. Twenty-four haplotypes characterized 
the 57 mite specimens. The most common haplotype (EM2) represented 33% of all our specimens (see Figure 
3.2 and Table 3.1). The sequences had an average AT-content of 69.3%, increasing to 87.2% when only 3rd 
codon positions were considered. Eight of the substitutions resulted in amino acid changes (data available on 
request). The mean transition: transversion ratio was 1.8: 1. The highest uncorrected sequence divergence 
separating specimens was 2.2% between mites sampled at the localities of Swartkops Point and Kildalkey Bay 
(see Figure 3.1).  
 
The median-joining network (Figure 3.2) displayed a star-like pattern; this type of pattern is strongly suggestive of 
a recent population expansion (e.g. Avise 1994; Conroy and Cook 2000; Jolly et al. 2005). The most common 
haplotype (EM2) formed the core, connecting multiple haplotypes separated by one or three mutational steps. 
Fu’s F-statistic (-25.72938, p<0.001) was highly significant indicating a deviation from equilibrium. An analysis of 
mismatch distributions confirmed the observed change in population demography (data not shown). When 
combining all sampled populations into a single unit (sample sizes for single populations were not sufficient to 
allow for meaningful statistical analyses), the null model of sudden population expansion could not be rejected 
(p=0.2). Similarly, the raggedness statistic (rg=0.05, p=0.12) supported a population expansion.  
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Figure 3.2 The median-joining network, depicting the number of mutational steps separating the 24 haplotypes detected for 
57 E. minutus specimens using NETWORK 4.1.1.2. The most common haplotype (EM2) is indicated. Missing haplotypes are 
shown in grey. Lines separating haplotypes represent one mutational change unless otherwise indicated. See Table 3.1 for 
haplotype distribution.  
 
Table 3.1 A summary of the haplotype diversity, nucleotide diversity and the haplotype distribution at each of the 11 sample 
sites across Marion Island. 
Populations Haplotype diversity Nucleotide diversity Haplotypes  
Cape Davis 
(n=7) 




























0.900±0.161 0.003±0.003 EM2, EM7, EM15, EM17 
 
La Grange Kop 
(n=3) 




0.889±0.075 0.007±0.004 EM2, EM7, EM15, EM18, 
EM19, EM20  
Kaalkoppie 
(n=4) 
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Hence, all analyses are consistent with a sudden expansion event. Importantly, the current g-value was strongly 
positive (g=+1357.3). This would indicate that some, if not all of the population(s) of E. minutus on Marion Island 
is still expanding despite past and recent climate changes. As mentioned earlier, this mite species favours warm 
and dry conditions (Hugo 2006). We argue that the increase in temperature (1.2°C) and the concomitant 
decrease in moisture (600mm) observed on Marion Island over the past ~30 years (Smith 2002; Smith and 
Gremmen 2004) favours this species and may, at least in part, account for its population growth. 
 
The spatial distribution of genetic variation across populations is shaped by many factors both historical as well 
as contemporary. Specifically relating to Marion Island, it is well established that several glacial and volcanic 
episodes have occurred during the history of the island (see McDougall et al. 2001). More recently, environmental 
conditions influence gene flow among populations which impacts directly on the level of differentiation among 
populations. Perhaps surprising given the demographic history of this Southern Ocean island, AMOVA indicated 
that almost all of the variation was within populations (99%) rather than between populations (1%) (ΦST= 
0.00890, p=0.36) as would be typical of a large, panmictic population with high levels of gene flow. Important to 
note though that our sample sizes for most of the populations was small (<5 mites per locality) which greatly 
reduces statistical power. 
 
When regarding sampling localities as populations, population pair-wise ΦST analyses indicated that the localities 
of La Grange Kop (south-western side of Marion Island) and Kildalkey Bay (south-eastern side of Marion Island) 
were significantly differentiated from each other (ΦST=0.07053, p=0.04). Significant differences among certain 
populations were indeed confirmed by a SAMOVA. ΦCT was maximized at five groups (ΦCT=0.108, p<0.001) 
which mainly corresponded to localities on the eastern (Ships Cove and Archway Bay), south-eastern (Kildalkey 
Bay), south-western (Swartkops Point) and northern (Cape Davis) side with the rest of the localities (mainly 
southern, western and north-eastern side of the island) grouping together. When the number of groups were 
increased (>5 groups), Swartkops Point consistently grouped separately; it never grouped with the nearby 
localities of Kaalkoppie and La Grange Kop. Although this may appear counter intuitive, the failure of this 
population to group with geographically close populations may be explained through an examination of the 
haplotype distribution. Three of the ten specimens included from Swartkops Point had unique haplotypes 
(haplotype diversity = 0.889±0.075) with only a single haplotype shared with the nearby populations at La Grange 
Kop and Kaalkoppie, respectively (see Table 3.1). Additionally, the relatively low sample sizes for Kaalkoppie 
(n=4) and La Grange Kop (n=3) may not adequately have captured the genetic variation present in these 
populations (a similar scenario could explain the clustering of populations on the eastern side of the island where 
the population sampled at Meteorological Station do no group with the localities of Ship’s Cove to the north and 
Archway Bay to the south). Notwithstanding the relatively high intra-population nucleotide diversities (cf. inter-
population values) and small sample sizes, it would appear from our preliminary data that unique populations are 
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present on the south-western (vicinity of La Grange Kop and Swartkops Point) and south-eastern side (Kildalkey 
Bay) of the island.  
 
Climatic and environmental conditions vary extensively across Marion Island. The western side of the island 
typically experiences cold winds of high speed that blow from the Antarctic over the island (Smith 1987). Young 
as well as older lava, interspersed with sparse fellfield vegetation, covers large areas of the western side of the 
island resulting in a very inhospitable environment compared to the eastern side which is characterized mainly by 
older grey lava covered by vegetation (van Zinderen Bakker et al. 1971; Smith and Gremmen 2004). The 
significant influence that these differences have on the fauna and flora across the island has recently been 
demonstrated (Melodie McGeoch, personal communication). This may similarly hold for the localities of La 
Grange Kop (together with Swartkops Point situated on the south-western side of Marion Island) and Kildalkey 
Bay (situated on the south-eastern side of Marion Island). Specifically, extensive glaciation has been documented 
from Triegaardt Bay in the north-west to Goodhope Bay in the south, as well as at Crawford Bay in the south 
(McDougall et al. 2001). A similar barrier to gene flow is evidenced by the Santa Rosa Valley in the south, an 
area of extensive lava (both old and recent) with sparse vegetation cover.  
 
To conclude, we show that E. minutus has undergone a recent population expansion with subsequent growth in 
population size. Notwithstanding that only 1% of the genetic variation is accounted for by variation among 
populations, we show that certain populations are indeed unique (Kildalkey Bay and La Grange Kop); a situation 
that is probably a true reflection of the influence of past biotic and abiotic factors on invertebrate populations 
across Marion Island. However, to fully understand and substantiate our preliminary findings, the population 
structure of more species with more individuals per sampling site needs to be investigated which will help 
increase the power of the  statistical inferences. 
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ABSTRACT 
Sub-tropical islands have been utilized extensively to assess phylogeographic patterns exhibited by indigenous 
taxa. Complex population patterns were found as a direct consequence of volcanic evolution of these islands. In 
comparison, volcanic Southern Ocean islands also experienced extreme glaciation, which may further influence 
population structure; however, these islands are virtually devoid of population-level studies, with the exception of 
sub-Antarctic Marion Island, where population substructure was detected for some indigenous mites and 
springtails. However, these particular phylogeographic studies had low sample sizes which may have limited 
statistical inferences. Thus, I conducted a large-scale phylogeographic study on the mite species, Halozetes 
fulvus, to assess the impact of historical, environmental and demographic factors on its population structure 
across Marion Island. A total of 291 samples from 30 localities were included. Based on the mitochondrial COI 
gene, a high level of haplotype diversity was detected illustrating the genetic complexity on the island. The PCA 
findings indicated that the localities from the northern and eastern side of the island grouped together while the 
southern and western side formed a group. This result is consistent with topographic and climatic conditions on 
the island. My analyses also indicated the presence of unique populations on the north-eastern, eastern, 
southern and south-western side of Marion Island. Long Ridge situated on the north-eastern side, constituted a 
barrier to gene flow. I found that the western populations were relatively young, characterized by high migration 
rates, small effective female population sizes with no isolation-by-distance. The exact opposite was true for 
populations on the eastern side of Marion Island, where populations were older with lower migration rates and 
substantially larger effective female population sizes with isolation-by-distance. The western side of Marion Island 
has experienced several recent volcanic and glaciation events which, in concert, cause local extinctions of 
populations. In contrast, the eastern side of Marion Island provides a stable environment, however unique 
populations may be explained by past sealing activities in conjunction with the notion that the south-eastern tip of 
Marion Island may constitute a natural entry point for microarthropods. Thus, I propose that the population 
structure of H. fulvus on Marion Island has been sculpted by historical events (volcanism and glaciation), 
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INTRODUCTION 
Sub-tropical archipelagos or island chains (such as the Hawaiian Islands, Galapagos Islands or Canary Islands) 
have long been a focal point for evolutionary studies ever since Darwin’s voyage of the Beagle to the Galapagos 
Islands during the 19th century (Darwin 1859). These studies have generally demonstrated that most organisms 
on these islands arrived from adjacent continental areas through dispersal and rafting. Once established on these 
islands, their population genetic structures are sculpted by local historical or environmental factors which gave 
rise to complex phylogeographic patterns and may even produce cladogenic events driven largely by niche 
availability (see reviews of Emerson 2002; Gillespie & Roderick 2002).  
 
When considering well-studied sub-tropical islands such as the Hawaiian or the Canary archipelagos, the pattern 
that generally emerged between taxa (on species and population level) is a ‘step-like progression’ from the oldest 
to the youngest island in the island chains (reviewed by Roderick & Gillespie 1998; Juan et al. 2000). In the 
Hawaiian archipelago, speciation data for multiple arthropod genera (~28) that constitute 75% of the endemic 
biota (Roderick & Gillespie 1998), revealed complex phylogeographic patterns driven by processes such as 
dispersal, gene flow, historical barriers as well as habitat availability (Jordan et al. 2005). On the Canary Islands, 
studies conducted on for example beetles (Calathus Stephens, 1827, Pimelia Rafinesque, 1815 and Eutrichopus 
Tschitscherin, 1897), mites (Steganacarus Ewing, 1917), spiders (Dysdera Latreille, 1804) and cockroaches 
(Loboptera Brunner von Wattenwyl, 1865), all showed vacariant sister lineages on the larger Tenerife Island 
(reviewed by Juan et al. 2000). For example, the COI gene of the oribatid mite, Steganacarus carlosi Niedbala, 
1984, from the Tenerife Island indicated three phylogroups attributable to volcanism (Salomone et al. 2002). For 
the flightless darkling beetle, Pimelia, it was found that high levels of genetic variation and geographical structure 
were present in populations from the older Tenerife Island, while the populations on the younger western islands 
had limited phylogeoraphic structure (Moya et al. 2006). One would expect that the volcanic nature of these 
islands would influence small arthropods with limited dispersal abilities, however this pattern even holds true for 
vertebrate species such as the house mouse (Mus musculus domesticus Schwarz & Schwarz, 1943) on Madeira 
Island (Britton-Davidian et al. 2000; Gündüz et al. 2001).  
 
These complex phylogeographic patterns present on sub-tropical islands gave rise to the question whether 
similar patterns also exist for species on less-explored islands like the Southern Ocean islands. In contrast to 
sub-tropical islands, Southern Ocean islands have also experienced glaciations which could further add to their 
complexity. Glaciations at the poles caused sea-levels to lower on sub-tropical islands, thereby effectively 
increasing the land area (see Jordan et al. 2005). On the contrary, glaciations on Southern Ocean islands caused 
much of these islands to be covered in ice and snow, thereby confining species to refugia. To date, limited 
phylogeographic studies have been conducted on Southern Ocean islands which have dynamic histories and a 
diverse array of habitats. These limitations can be ascribe to these islands’ strict conservation regulations (many 
have World Heritage Status (Chown et al. 1998)) and limited travel accessibility. 
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Southern Ocean islands are diverse in terms of their origins (either continental fragments or volcanic) and 
geological ages (~0.01 million years old (myo) to 2 500myo; see Chown et al. 1998; Bergstrom & Chown 1999). 
The majority of these islands are geographically isolated, with the distance to the nearest continent (excluding 
Antarctica) ranging between 530km to 5 000km (data taken from Chown et al. 1998). Given these attributes, 
biologists of various disciplines have been fascinated by the species diversity present on these islands. Some 
authors (e.g. Sanmartin & Ronquist 2004; Stevens et al. 2006) have argued that species richness mirrors the 
distribution patterns predating the break-up of Gondwanaland. This argument has largely been proposed to 
account for diversity on the Antarctic continent and cannot readily be extrapolated to the majority of Southern 
Ocean islands since these are volcanic in origin. Stevens and colleagues (2006) convincingly argued that 
glaciation and isolation may, at least in part, be responsible for the diversification of the Collembola genus 
Cryptopygus which has a circumpolar distribution (see also Chown 1990 for data on Marion Island; Stevens & 
Hogg 2003). However, various other factors (such as recurrent dispersal and colonization or even the physical 
attributes of the islands themselves) may likewise have influenced the patterns observed today. Specifically for 
invertebrates, Chown et al. (1998) found a direct correlation between species richness on Southern Ocean 
islands and vascular plant richness (this is not surprising since most insects on the islands are herbivores) as well 
as the islands’ distance to the nearest continent (hinting at the role of colonization and dispersal). 
 
Marion Island (46°54’S; 37°45’E) together with Prince Edward Island (46°38’S; 37°57’E), forms the Prince 
Edward Island archipelago (PEI) situated in the middle of the Antarctic Polar Frontal Zone (APFZ). PEI together 
with Funk Seamont, is situated on a long-lasting hotspot that can be traced back to the south-eastern side 
(Volcan de l’Androy) of Madagascar (~88 million years ago (mya)) (Duncan 1981; Storey et al. 1995). Recent 
evidence also suggested that this hotspot played a major part in the break-up of Greater India and Madagascar 
during the same time period (Storey et al. 1995). Thus, PEI formed de novo and constitutes the tips of an oceanic 
intraplate volcano (Hall 1990; Hänel & Chown 1998; Hall 2002). Marion Island, the larger of the two islands, is 
believed to be between 1 and 0.5 million years old (myo) (Hänel & Chown 1998); however according to recent K-
Ar dating, Marion Island is 0.45myo (McDougall et al. 2001). The influence of past climatic changes are well 
documented for this southern oceanic island (see McDougall et al. 2001) with evidence for at least eight volcanic 
periods and five glacial stages. The climatic history of the sub-Antarctic was greatly influenced by oscillations in 
the APFZ (Hall 1990); evidence suggested that islands located south of the APFZ, specifically those that are 
bigger with higher elevations, were more glaciated than those situated north of the APFZ (Bergstrom & Chown 
1999). 
 
The few phylogeographic studies focusing on indigenous microarthropods (mites (Mortimer & Jansen van Vuuren 
2007) and springtails (Myburgh et al. 2007)) on Marion Island, had reduced statistical power due to small sample 
sizes and these authors could not determine whether factors other than isolation influenced the current 
population structure of microarthropods on Marion Island. Since both these studies had limited sample sizes, my 
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aim for this study was to conduct a large-scale phylogeographic study on the abundant oribatid mite, Halozetes 
fulvus Engelbrecht, 1975, to assess its population structure on Marion Island including the relative influences of 
isolation and migration. In addition, my aim was to compare the influence of geological (historical) events on the 
population structure of H. fulvus on Marion Island (glaciation and volcanism) to genetic patterns observed for 
species on sub-tropical islands. The genus Halozetes is interesting because these mites inhabit terrestrial, 
supralittoral and intertidal zones and have a wide distribution range in the South Polar Region (Pugh 1993; 
Marshall & Convey 2004).  
 
MATERIALS AND METHODS 
Sample collection 
I collected 291 H. fulvus specimens from 30 localities across Marion Island during the 2004 and 2005 relief 
voyages (see Figure 4.1 for details). Mites were sampled from plant material such as mosses (Ditrichum strictum 
(Hook. f. et Wils.) Hampe, 1867)), tussock grass (Poa cookii Hook. f., 1879) and flowering plants (Azorella selago 
Hook. f., 1847, Cotula plumosa Hook. f., 1864 and Crassula moschata G. Forst., 1787). Specimens were 
extracted into propylene glycol by means of Tullgren extraction funnels (Southwood 1978) and subsequently 
preserved in absolute ethanol.  
DNA extraction  
Total genomic DNA was isolated using a phenol / chloroform extraction method described by Maniatis and co-
workers (1982). Briefly, a single mite was placed in 550µl of DNA lysis buffer (1M NaCl, 1M Tris, 0.5M EDTA and 
10% SDS solution) and 8µl Proteinase K (10mg/ml). The extraction was incubated at 55°C for 5 hours, phenol-
chloroform extracted, ethanol precipitated and resuspended in 20µl deionised distilled water (Hillis et al. 1996). 
PCR and sequencing 
PCR reactions were carried out in 30µl reaction volumes and included 2µl of genomic DNA, 3µl of a 10X reaction 
buffer, 3µl of 2mM MgCl2, 3µl of 1mM dNTP solution, 3pmol of each primer (LCO1490 and HCO2198 (Folmer et 
al. 1994)) and 1 unit of Taq polymerase (Super-Therm, Southern Cross Biotechnology, Cape Town, South 
Africa). The final volume was adjusted with deionised distilled water. The cycling parameters included an initial 
denaturation step at 94°C for 1 minute followed by 35 cycles of 94°C for 30 seconds, 40°C for 30 seconds and 
72°C for 45 seconds. A final extension step at 72°C for 5 minutes completed the reactions. PCR products were 
purified with the Wizard SV Gel and PCR clean-up system (Promega, Madison, USA) according to the 
manufacturer’s recommendations.  
 
Amplicons were cycle sequenced using BigDye® Terminator 3.1 mix (Applied Biosystems, Warrington, UK). 
Unincorporated dye label was removed by sephadex columns before the samples were run on an ABI 3100 
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automated sequencer (Applied Biosystems, Warrington, UK). Electropherograms of the raw data were manually 
checked and edited with Sequence EditorTM software (Applied Biosystems, Warrington, UK). All H. fulvus 




















Figure 4.1 An illustration indicating the sampling localities of H. fulvus across Marion Island. The populations referred to in 
the text are indicated with the following symbols: Archway Bay - A, Meteorological Station - B, Bullard Beach - BL, Cape 
Davis - C, Fred’s Hill - F, Grey Headed - GH, Goney Plain - GP, GPS coordinates (46°54’S; 37°53’E) - Ga, GPS coordinates 
(46°50’S; 37°41’E) - Gb, GPS coordinates (46°53’S; 37°52’E) - Gc, Hoppie’s Hell - H, Kaalkoppie - K, Katedraalkrans - KD, 
Kildalkey Bay - KL, Log Beach - LB, La Grange Kop - LG, Long Ridge - LR, Middelman - M, Mixed Pickle - MP, Ships Cove - 
SC, Swartkops Point - S, Skuinskop - SK, Stoney Ridge - SN, Soft Plume - SP, Skua Ridge - SR, Tafelberg - T, Third Sister - 
TS, Tafelberg - T, Tom Dick & Harry - TDH, Trypot - TP and Watertunnel - W. The number of specimens included per locality 
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Sequence analysis 
Sequences were aligned with Clustal X 1.81 (Thompson et al. 1997) using the multiple alignment mode. PAUP* 
4.0b10 (Swofford 2000) was used to assess the nucleotide composition and the number of parsimony-informative 
sites. Nucleotide diversities were determined in MEGA 3.1 (Kumar et al. 2000) and corrected for ancestral 
polymorphism using the formula Dxy=D-0.5(Dx+Dy) (Nei & Li 1979) where the corrected value (Dxy) is the 
average diversity (D) between populations after within-population diversity (Dx and Dy) has been subtracted. 
Haplotypes were identified using Collapse 1.2 (Posada 2004) and verified in Arlequin 3.0 (Excoffier et al. 2005).  
The evolutionary model that best fit my data was determined with Modeltest 3.06 (Posada & Crandall 1998). To 
determine whether I have sampled the actual number of haplotypes present in the population, the software 
EstimateS 7.51 was implemented (Colwell 2005). The non-parametric Chao 2 and Jacknife 2 estimators were 
used to construct an individual-based rarefaction curve (see Gotelli & Colwell 2001; Magurran 2004; Myburgh et 
al. 2007). Fifty randomisations (sampling without replacement) and 1000 randomisations (sampling with 
replacement) were performed to compare and to ensure that accurate results were obtained. To depict the 
evolutionary relationship (number of mutational steps) among the haplotypes I constructed a median-joining 
network using NETWORK 4.1.1.2 (Polzin & Daneshmand 2004). ParsProb 1.1 was used to determine the 
number of mutational steps under the 95% probability criterion (Templeton et al. 1992). 
 
A demographic method was implemented to investigate the spatial distribution of mitochondrial variation using 
SAMOVA 1.0 (Dupanloup et al. 2002). This method provides a subjective way to identify spatially differentiated 
groups allowing for the identification of (possible) barriers to gene flow among them. An hierarchical analysis of 
molecular variance (AMOVA, Excoffier et al. 2005 as implemented in Arlequin 3.0) was used to estimate 
traditional Phi (Φ)–statistics reporting the degree of differentiation between populations as well as between 
individuals within these. Additionally, pair-wise ΦST was also estimated between all populations. In both 
instances, tests of significance (null distributions) were provided by permutational procedures (1000 
randomisations). 
 
To investigate whether haplotype frequencies deviated from neutrality, Fu’s (1997) F-statistic was calculated in 
Arlequin 3.0. One possible cause for a deviation from equilibrium could be past demographic changes. To further 
investigate this, I plotted the number of mutational changes separating haplotypes against their respective 
frequencies as proposed by Rogers and Harpending (1992). A χ2 goodness of fit test was used to compare 
observed and expected distributions. I estimated the time of demographic change using the equation τ=2µt, 
where tau (τ) signifies the time of expansion in mutational units and µ represent the per locus mutation rate for 
COI (2.15% per million years following Salomone et al. 2002). A generation time of one year was assumed for H. 
fulvus. The raggedness statistic (rg) (Harpending et al. 1993, Harpending 1994), an indication of the smoothness 
of the mismatch distribution (population growth = lower rg values), was calculated in Arlequin 3.0. To confirm the 
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results, a coalescence-based methodology was also employed to calculate exponential growth rates (g-values in 
Fluctuate 1.30 (part of the LAMARC software package); Kuhner et al. 1998) for different populations across 
Marion Island.  
 
To distinguish historical processes (e.g. glaciation) from recurrent processes (e.g. gene flow), I performed a 
nested clade analysis (NCA, GeoDis 2.4; Posada et al. 2000). The parsimony network was divided into a set of 
hierarchical nesting clades following Templeton et al. (1995). Null models of no haplotype-geographic association 
were generated through 1000 permutations. In instances where null hypotheses were rejected, the latest 
inference key (Templeton 2004) was used to determine possible factors that may be responsible for the 
significant haplotype–geographic associations. This kind of analysis has an additional benefit in that it would 
highlight problems with sampling design (both in terms of sampling numbers as well as geographic coverage).  
 
Knowles and Maddison (2002) argued that NCA could sometimes deduce the wrong demographic and 
evolutionary processes to explain the observed spatial genetic structure. To reduce the risk of inferring incorrect 
evolutionary patterns, the coalescent-based MDIV program (Nielson & Wakeley 2001) was used to calculate 
theta (Θ=Nefµ), directional migration or gene flow (M=Nefm), divergence time (T=t/Nef) and the time to the most 
recent common ancestor (TMRCA=tµ) (Nef represents the female effective population size, t represents the 
generation time, and µ represents the per locus mutation rate). Due to computational constraints, the analyses 
were only applied to localities that were especially noteworthy in terms of pair-wise ΦST values and to selected 
coastal localities. The 95% credibility intervals were calculated whenever possible. Because of computational and 
time constraints, I could not always calculate these values for the migration rate since an asymptote was never 
obtained. The pairwise simulations were run for 20 million generations with Mmax set at 200 (due to problem 
mentioned above) while Tmax was set at 10 as suggested by Nielson (2002). The analyses were conducted 
under the HKY (Hasegawa et al. 1985) finite sites model. Similar to my demographic population calculations 
above, a mutation rate of 2.15% per million years (or 1.17 x 10-5 substitutions per site per year) and a generation 
time of one year was assumed in all calculations. T, indicating the time of gene divergence, and TMRCA, an 
indication of population divergence, were multiplied by their respective Θ values to correct for different effective 
population sizes (for more information on methodology see Nielson & Wakeley 2001; Bowie et al. 2006; Bulgin et 
al. 2003; Griswold & Baker 2002). 
 
Isolation-by-distance results when populations follow a typical stepping-stone model of evolution where gene flow 
occurs mainly between neighbouring populations. This pattern of evolution often typifies populations that are 
(relatively) stable over time. I used a Mantel test (as implemented in Arlequin 3.0) to compare geographical 
distances between sampling sites against genetic p-distances among populations (sampling sites were assumed 
to represent populations). Given that the high altitudinal interior of Marion Island has always been covered in 
snow with permafrost, I assumed that mites would not cross the vegetation line but rather circumvent these 
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higher elevations. Geographical distances were thus calculated along the most likely colonization routes rather 
than “as the crow flies”.  
 
In addition to the Mantel test, I also implemented principle component analysis (PCA) using the program Spatial 
Analysis in Macroecology (SAM 1.1) (Rangel et al. 2006). I strived to determine fine-scale spatial structure in my 
dataset. Localities together with their geographical coordinates, nucleotide diversity and haplotype diversity were 
included to determine whether there is a correlation between geographical distance and genetic distance. 
 
RESULTS  
I sequenced 545bp of the COI gene which translated into 181 functional amino acids; no stops codons or any 
insertions or deletions were found. Blast searches (GenBank) were also conducted which confirmed the 
authenticity of my sequences. Of the 545bp, 84 sites were polymorphic and 47 parsimony informative. A total of 
101 haplotypes were found of which 73 were singletons. This was reflected in the relatively high haplotype 
diversity of 0.921±0.010. The non-parametric estimators (EstimateS) indicated that most of the haplotypes 
present in this species were sampled since the rarefaction curves plateaued once 250 of the 291 individuals were 
reached (data not shown). The average AT-content for my data set was 65.6%, increasing to 82.7% when only 
3rd codon positions were considered. The mean transition: transversion ratio was 3.3: 1. The highest sequence 
divergence was 2.8% between specimens sampled at Kildalkey Bay and Bullard Beach. The highest pairwise 
nucleotide divergence (corrected for ancestral polymorphism) between populations was 0.91% between 
Middelman (n=3) and Soft Plume (n=3). On average, correcting for ancestral polymorphism reduced divergence 
values by ~0.2%. 
 
A median-joining network, depicting the level of connectedness among haplotypes, is shown in Figure 4.2.  None 
of my haplotypes were more divergent than the 95% confidence interval (10 steps), and could therefore be 
connected into a single network. The pattern that emerged is typical of a (relatively) recent population expansion 
(see for example Avise 1994; Conroy & Cook 2000; Jolly et al. 2005). The three most common haplotypes (HF37 
comprising 21%, HF55 comprising 14% and HF5 comprising 11% of the specimens, respectively) formed cores 
with several haplotypes connecting to them in a star-like pattern. However, most haplotypes were connected by 
single mutational steps with some outliers being separated by up to four mutational changes. Missing haplotypes 
in a median-joining network may be the result of insufficient sampling. However, given my comprehensive 
sampling in combination with large sample sizes I argue that these more distantly related haplotypes may be 
remnants of the earlier structure prior to the most recent demographic events. More details on the number of 
































Figure 4.2 The median-joining network constructed for 291 H. fulvus specimens. The most common haplotypes are 
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Table 4.1 A summary of Arlequin 3.0 results indicating haplotype diversity, nucleotide diversity and the haplotype distribution 
at each of the 30 sample sites across Marion Island. See Figure 4.1 for GPS coordinates of Ga, Gb and Gc. 
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0.009704±0.005791 HF37, HF55, HF58, HF95, HF97 
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Interestingly, although the three common haplotypes are wide-spread across Marion Island, there appears to be 
some structure to their distribution as well as to the spread of singletons. When performing a SAMOVA, six 
groups were identified (ΦCT=0.087; p<0.001) which corresponded to localities on the eastern side of Marion 
Island (group 1: Archway Bay; group 2: Bullard Beach), the north-eastern side (group 3: Cape Davis, Long Ridge, 
Hoppie’s Hell, Tafelberg and Third Sister), the southern side (group 4: Grey Headed) and the south-western side 
(group 5: Kaalkoppie and Swartkops Point). The last group included the remainder of the localities which were 
spread across Marion Island. When regarding sampling localities as populations, AMOVA indicated that 92.9% of 
the variation was within populations with the remaining 7.1% between populations. Despite of this relatively low 
value, there was significant population substructure (ΦST=0.007, p<0.001). Population pair-wise ΦST values 
indicated that the localities of Bullard Beach (n=19), Long Ridge (n=16) (both on the eastern side), Middelman 
(northern side) (n=3), Grey Headed (southern side) (n=19) and Kaalkoppie (south-western side) (n=11) were 
significantly different to more than 40% of the populations. Other localities that also have noteworthy pair-wise 
ΦST values were Cape Davis (n=19), Log Beach (n=10), Third Sister (n=12) and Tom, Dick and Harry (n=4).  
 
Fu’s FS test returned a highly negative value (-25.27983; p<0.001), indicating a deviation from neutrality. The 
mismatch distribution indicated a correlation between my data and the expected values under a null model of 
sudden expansion (p=0.22). When sampling localities (n≥10) were considered separately, mismatch distributions 
indicated a change in population demography for most of the populations across Marion Island. These included 
Swartkops Point (p=0.2), Kaalkoppie (p=0.3), Mixed Pickle (p=0.4), Cape Davis (p=0.9), Log Beach (p=0.4), 
Goney Plain (p=0.2), Long Ridge (p=0.8), Tafelberg (p=0.9), Skua Ridge (p=0.9), 3rd sister (p=0.8), Hoppie’s Hell 
(p=0.9), Meteorological Station (p=0.7), Archway Bay (p=0.7), Bullard Beach (p=0.4), Kildalkey Bay (p=0.3) as 
well as Grey Headed (p=0.9). The raggedness statistic (rg) was low (0.017, p=0.21) indicating population growth. 
It should be noted that some of these population demographic signatures may reflect ancient events rather than 
recent population trends. For example, when I calculated the time of population expansion for Bullard Beach, it 
would seem that the population expanded approximately 308 000 years ago. Similar trends were found for other 
localities such as Archway Bay (~240 000 years ago), Kildalkey Bay (~256 000 years ago) and Meteorological 
Station (~217 000 years ago). These results of population increase were corroborated by coalescent methods 
with the exponential growth factor (g), as calculated by Fluctuate, returning a relatively high positive g-value 
(g=438.77) for H. fulvus across Marion Island. Isolation-by-distance often results where populations are stable 
over time.  
 
The inferred population history underlying the genetic structure of H. fulvus suggests that restricted gene flow 
with isolation-by-distance (isolation) as well as contiguous range expansions (migration) have played a role. A 
closer examination of the four different clades that showed a significant association between geography and 
genetics, revealed a contiguous range expansion for Clade 1-27 (inference key pathway 1-2-11-12-NO). This 
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clade included the wide-spread central haplotype HF37 as well as haplotypes connecting to it by single 
mutational differences.  Restricted gene flow with isolation-by-distance was found for Clade 1-35 (inference key 
pathway 1-2-3-4-NO), Clade 2-6 (inference key pathway 1-2-3-4-NO) as well as the entire cladogram (inference 
key pathway 1-2-3-4-NO). Clade 3-3 (inference key pathway 1-2-11-17-NO) had an inconclusive outcome.  
 
I used a coalescent approach to determine θ (an indicator of population size), gene flow and divergence times (as 
calculated in MDIV) (see Table 4.2 for results). Several noteworthy findings emerged. First, the effective (female) 
population sizes (Nef) for localities on the western side of the island (Kaalkoppie, Swartkops Point, Mixed Pickle, 
Skuinskop and La Grange Kop) were considerably smaller compared to population sizes on the eastern side of 
Marion Island (Bullard Beach, Kildalkey Bay, Stoney Ridge and Archway Bay). Values given in Table 4.2 should 
be seen as an indication of relative size rather than as absolute numbers. Secondly, migration rates (gene flow) 
between populations on the western side (especially between Kaalkoppie and Mixed Pickle) were greater than 
migration rates between populations on the eastern side. Thirdly, the divergence times between populations on 
the western side of the island were zero, indicating that these populations have not yet diverged from one 
another. This finding is not surprising given the high migration rate between populations on the western side of 
Marion Island. The TMRCA calculated for populations on the western side of the island ranged from ~327 000 
years before present (ybp) (Kaalkoppie and La Grange Kop) to ~771 000ybp (Kaalkoppie and Cape Davis). In 
contrast, on the eastern side where lower migration rates characterized populations, there was some evidence 
that the populations have either recently diverged or are in the process of diverging. Divergence rates varied from 
~29 000ypb (between Bullard Beach and Watertunnel) to ~134 000ybp (between Bullard Beach and Stoney 
Ridge). As expected, TMRCA for populations on the eastern side (ranged from ~760 000ybp (Bullard Beach and 
Watertunnel) to ~856 000ybp (Bullard Beach and Kildalkey Bay)) was older than estimates for the western 
populations.  
 
Markedly different evolutionary histories (effective (female) population sizes, migration rates, divergence times 
and TMRCA estimates; see above) were found for populations from Kaalkoppie and surroundings (western side) 
when compared to Bullard Beach and surroundings (eastern side). To further investigate patterns across Marion 
Island, the following sites were selected to give an overall representation of the island (northern, eastern, 
southern and western side): Cape Davis, Log Beach, Meteorological Station, Bullard Beach, Kildalkey Bay, 
Watertunnel, Grey Headed, La Grange, Kaalkoppie and Mixed Pickle. High levels of gene flow existed within and 
between the southern localities (Kildalkey Bay, Watertunnel and Grey Headed), western localities (La Grange, 
Kaalkoppie and Mixed Pickle) and northern localities (Cape Davis and Log Beach) of the island. A dramatic 
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Table 4.2 MDIV results estimated from mitochondrial data for selected populations. The estimates of theta (and 
consequently Nef), migration rates (M = Nefm), divergence time (T) and the time to the most recent common ancestor 
(TMRCA) are indicated. To convert the estimates of T and TMRCA into years before present (ybp), a generation time of 1 
year and a mutation rate of 1.17 x 10-5 substitutions per site per year was used. The 95% credibility intervals were calculated 
whenever possible and are indicated between brackets (a-the upper credibility interval could not be estimated since the 
parameter did not converge back to zero). A) MDIV results for Kaalkoppie and surrounding localities. B) MDIV results for 


















La Grange Kop Kaalkoppie 1.21 
(0.58-3.85 ) 
103 264 






Skuinskop Kaalkoppie 1.39 
(0.68-5.95) 
118 626 






Grey Headed Kaalkoppie 4.14 
(1.91-8.34) 
353 318 






Mixed Pickle Kaalkoppie 2.64 
(1.44-6.17) 
 225 304 






Cape Davis Kaalkoppie 4.83 
(2.87-9.31) 
412 204 











Population 1 Population 2 theta (θ) Nef M 
(Gene flow) 
TMRCA T 
Archway Bay Bullard Beach 7.63  
(4.88-14.40) 
651 163 
(416 471-1 228 931) 






Kildalkey Bullard Beach 5.45  
(3.44-9.68) 
465 116 





83 720.93  
ybp 
Stoney Ridge Bullard Beach 7.89 
(4.90-14.71) 
673 352 







Watertunnel Bullard Beach 5.67 
(2.75-11.45) 
 483 892 









Bullard Beach 6.84 
(4.06-12.45) 
583 742 
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My Mantel test for the total population did not indicate isolation-by-distance (p=0.95, r=-0.14). When conducting a 
Mantel test on all the western and southern localities of the island (Watertunnel, Grey Headed, La Grange, 
Skuinskop, Swartkops Point, Kaalkoppie and Mixed Pickle), no isolation-by-distance was detected (p=0.21, 
r=0.20). However, to minimize my sampling bias towards the eastern (remainder) of the island, I conducted a 
Mantel test on randomly selected localities from the eastern side (Long Ridge, Tafelberg, Third Sister, Hoppie’s 
Hell, Ships Cove, Skua Ridge, Meteorological Station, Trypot, Archway Bay, Stoney Ridge, Bullard Beach and 
Kildalkey Bay). These localities did indicate isolation-by-distance (p=0.05, r=0.32). Since my MDIV results 
indicated a substantial drop in gene flow between Log Beach and Meteorological Station, a Mantel test was 
conducted on localities in the vicinity, namely Meteorological Station, Ships Cove, Skua Ridge, Third Sister, Long 
Ridge and Hoppie’s Hell. The Mantel test results indicated the presence of isolation-by-distance (p=0.054, 
r=0.447).  
 
According to PCA, the first and second principal component axes accounted for most of the variation in my data 
set (p<0.05). Thus, the differences in localities (first principal component) were the main contributor to variation 
(49.9%), followed by nucleotide diversity (second principle component) (32.5%) and haplotype diversity (17.6%). 
From both scatterplots of the principal components, it did appear if the localities from the northern and eastern 
side of the island formed a group, while the localities from the southern and western side clustered together 
(Figure 4.3). It was also found that the nucleotide diversity decreased from the northern / eastern side of the 














Figure 4.3 Scatterplot illustrating the first (localities) and second (nucleotide diversities) principal components of the principle 
component analysis (PCA). For both principle component graphs, the localities from the northern and eastern side (NE) 




























Chapter 4:  Phylogeography of Halozetes on Marion Island                                                                        Page 78 
DISCUSSION 
To my knowledge, I compiled the largest phylogeographic study for a terrestrial mite species on any Southern 
Ocean island. Similar to sub-tropical islands, it is apparent from my findings together with previous results 
(Mortimer & Jansen van Vuuren 2007; Myburgh et al. 2007) that exceedingly complex population patterns are 
present on sub-Antarctic Marion Island. In addition, the population genetic structure within H. fulvus appears to be 
sculpted by an interplay of historic isolation events (most likely associated with climatic and geological events) as 
well as contemporary mechanisms (such as gene flow). 
Intra-island complexity 
Within H. fulvus, a large proportion of the genetic variance was accounted for by variation within populations 
(92.9%) with a much smaller (yet highly significant) component between populations (7.1%, p<0.001). A high 
number of haplotypes (n=101) were present in the total population of 291 individuals. My rarefaction curves 
(using both Chao 2 and Jacknife 2 estimators) indicated that most of the haplotype diversity was obtained within 
my current sample size. This high level of haplotype diversity was also detected for the prostigmatid mite, E. 
minutus (Mortimer & Jansen van Vuuren 2007), as well as Collembola (springtail) species, Cryptopygus 
antarcticus travei Déharveng, 1981 and Tullbergia bisetosa (Börner, 1903) (Myburgh et al. 2007) on Marion 
Island. In the case of springtails, the diversity was substantially higher on Marion Island than for springtail species 
(Gomphiocephalus hodgsoni Carpenter, 1908 and Desoria klovstadi (Carpenter, 1902)) from the Antarctic (Frati 
et al. 2001; Stevens & Hogg 2003). In conjunction, the findings for both mites and springtails may indicate that 
the high levels of genetic variation may be due to intra-island conditions specific to Marion. 
 
When considering the oribatid mite species, Steganacarus carlosi, on the sub-tropical Canary archipelago 
(Tenerife Island), these mites had a well-defined population structure as a direct consequence of volcanic 
evolution of the island (Salomone et al. 2002). In comparison with S. carlosi, H. fulvus on Marion Island has a 
much more complex population structure, which is not surprising considering that volcanic Marion Island has 
been dissected by numerous glacial events (McDougall et al. 2001). My data suggested there is a correlation 
between genetic and geographic distance; localities from the northern and eastern side of the island group 
together, while the southern and western localities group together. This scenario fits well with the climatic 
conditions on the island. The northern and eastern sides of the island have calmer weather conditions compared 
to the harsher conditions on the western and southern sides of the island. When considering all my findings, 
unique populations were present in the eastern (Bullard Beach), north-eastern (Cape Davis, Log Beach, Third 
Sister, Long Ridge, Tafelberg and Hoppie’s Hell), southern (Grey Headed) and south-western (Kaalkoppie and 
Swartkops Point) side of the Island. To simplify my results, I especially focused on Kaalkoppie and surroundings 
(“western side of the island”) and Bullard Beach and surroundings (“eastern side of the island”), since very similar 
results were previously obtained for E. minutus (Mortimer & Jansen van Vuuren, 2007) and C. antarcticus 
(Myburgh et al. 2007). The unique populations on the north-eastern and southern side are discussed briefly.  
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The spatial distribution of the species on the western side of the island was dominated by high migration rates 
(and correspondingly, my Mantel test also indicated no isolation-by-distance) and small female effective 
population sizes. Interestingly, my data also suggested that gene flow on the western side of Marion Island was 
more prevalent along the coastal plateaus rather than crossing over the higher elevations to the central part of 
the island. The highest migration rate (rate value=45.6) in this study was between the coastal localities of Mixed 
Pickle and Kaalkoppie. Even when considering a broader geographic area, a migration rate of 16.8 was observed 
between the coastal localities of Cape Davis and Kaalkoppie (±8km apart). These migration estimates among 
geographically more distant populations were considerably higher than the values estimated for localities that 
were more closely situated but at elevation (for example the migration rate of 1.2 between Skuinskop and 
Kaalkoppie (±1km apart) and 1.6 between Grey Headed and Kaalkoppie (±7km apart)).  
 
Given the relatively high migration rates estimated between localities, it was expected that these western 
populations have not yet fully diverged, with time to divergence (T) being zero (see Table 4.2). The TMRCA 
ranged between 327 000ybp to 771 000ybp. As one would expect, the western side consisted of expanding 
populations. The time of expansion estimated for Kaalkoppie occurred roughly 52 000 years ago and can be 
traced back to catastrophic events that occurred in the vicinity during the past. The event at Kaalkoppie may be 
due to both volcanic eruptions (VIII sensu McDougall et al. 2001) occurring at the higher altitudes across the 
island (20 000 to 70 000 years ago), as well as glaciation events (Stage 4) occurring along the west coast 
between Triegaardt Bay and Goodhope Bay (87 000±20 000 to 40 000±15 000). These findings were not 
surprising when considering that the western side of the island is known for its inhospitable environment due to 
multiple young (black) and old (grey) lava flows that are interspersed with sparse fellfield vegetation. This side is 
also bombarded by cold, high speed winds from the Antarctic (Smith & Lewis Smith 1987) which may assist in 
migration.  
 
In contrast to the western side of the island, populations along the eastern seaboard of Marion Island are 
characterized by substantially larger effective female population sizes and generally low migration rates (see 
Table 4.2 for values) with isolation-by-distance. The highest migration rate estimated for any of the eastern 
localities was 3.2 between Bullard Beach and Stoney Ridge (<1km apart). These low migration rates would 
indicate a more stable panmictic population. This restricted gene flow observed between the eastern and western 
side of the island was also supported by NCA. The divergence times also indicated that the populations and the 
genes have diverged. The divergence times for populations along the east coast varied between 29 000ybp 
(between Watertunnel and Bullard Beach) to 134 000ybp (between Stoney Ridge and Bullard Beach). The 
TMRCA estimates were much higher for eastern populations (ranged from 760 000ybp (between Watertunnel 
and Bullard Beach) to 856 000ybp (between Kildalkey Bay and Bullard Beach)) in comparison with the western 
side. The population expansion at Bullard Beach was estimated at roughly 308 000 years ago. Bullard Beach is 
located on moraine dating back to the Pleistocene epoch and the only volcanic (II) and glaciation activity (Stage 
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12) around 350 000 years ago, were in the vicinity of Crawford Bay (south) (McDougall et al. 2001). I strongly 
doubt that this event directly influenced the species’ populations at Bullard Beach. I rather propose that even 
though westerly winds predominate, it is believed that Kildalkey Bay (±5km from Bullard Beach) is a natural entry 
point for new species / arrivals onto the island (S.L. Chown; R. Mercer, personal observation). This is supported 
by the presence of new plant (woody plants) and insect (moths) species at Kildalkey Bay (S. Slabber, personal 
observation). Kildalkey Bay may also be an entry point due to ocean current directional changes during the 
Quaternary period (Graham et al. 2003) and that east-to-west winds have been observed on Macquarie Island 
(Watson 1967; Wallwork 1973). When considering Bullard Beach’s close vicinity to Kildalkey Bay, I speculate that 
the entry point for new arrivals may extend to the south-eastern side (between Bullard Beach and Kildalkey Bay) 
rather than a single locality. Additionally, sealing activities during the eighteenth and nineteenth century may have 
inadvertently facilitated the introduction of invertebrate individuals to the eastern side of the island. 
 
Again, the isolated stable populations on the eastern side fit well with the environmental conditions and the 
history of the eastern side. Contrary to the western side, the eastern side can be described as calmer, with mainly 
older grey lava covered by vegetation (van Zinderen Bakker et al. 1971; Smith and Gremmen 2004). Previous 
studies have indicated that these contrasting conditions between the western and eastern side have a significant 
impact on the fauna and flora across the island (M.A. McGeoch, personal communication). 
 
SAMOVA as well as pairwise ΦST values indicated the presence of unique populations on the north-eastern side 
of the island. My MDIV analyses also revealed a strong decline in gene-flow at the north-eastern side of the 
island (Log Beach to Meteorological Station), and conversely an increase at the south-eastern side (Kildalkey 
Bay to Watertunnel). This decline in gene-flow was supported by the Mantel test. On the north-eastern side, one 
of Marion Island’s older grey lava formations, namely Long Ridge (formed during Pleistocene) is present 
(McDougall et al. 2001). When conducting MDIV analyses on Long Ridge and its surrounding localities, very low 
levels of gene flow were detected between Long Ridge and Log Beach, Goney Plain, Ships Cove, Skua Ridge 
and Hoppie’s Hell with the exception of Third Sister, with high levels of gene flow (data not shown). Isolation-by-
distance was also found. Thus, I speculate that Long Ridge on the north-eastern side of the island, may 
effectively act as a barrier to gene flow to the surrounding localities.  
 
High levels of gene flow were present on the southern side (between Kildalkey Bay, Watertunnel and Grey 
Headed) similar to the western side. As mentioned before, this was not surprising considering that conditions are 
very similar to the rough and environmentally unstable western side of the island. Extensive glaciation has been 
found from north-western side of the island (Triegaardt Bay near Mixed Pickle) towards the southern side of the 
island (Goodhope Bay near Grey Headed and Crawford Bay near Watertunnel) (McDougall et al. 2001). In 
addition, the Santa Rosa Valley with extensive lava flows (both old (pre-Pleistocene) and recent (Holocene) 
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(McDougall et al. 2001)) and sparse vegetation cover is present in the vicinity of Grey Headed, which may be 
responsible for the unique population. 
Conservation  
Congruent results obtained for invertebrates (mites and springtails), highlight certain areas on Marion Island that 
are of special conservation concern. The vicinities surrounding Bullard Beach and Kildalkey Bay on the eastern 
side as well as Kaalkoppie, Swartkops Point and La Grange Kop on the south-western side, are especially 
important for conservation of indigenous invertebrate populations. Invertebrates play an important role in the 
ecosystem of sub-Antarctic islands and to preserve the natural composition of invertebrate is thus of great 
importance. I propose that strict regulations should be implemented to conserve these important localities. With 
the steady increase of annual temperatures (1.2°C) and the associated decrease in moisture (600mm) (Smith 
2002, Smith & Gremmen 2004), there are concerns that alien invertebrates may out compete the indigenous 
species due their ability to grow and reproduce faster (Barendse 2000; Chown et al. 2002). My findings 
suggested that the H. fulvus population is growing on Marion Island, similar to previous findings obtained for E. 
minutus (Mortimer & Jansen van Vuuren 2007) even though H. fulvus is known to prefer warm and wet conditions 
compared to E. minutus’s preference for warm and dry conditions (Hugo 2006). One may speculate that the 
change in climate does not have a negative impact on these species’ population growth.  
 
To conclude, similar to findings for sub-tropical islands, very complex phylogeographic patterns exist for species 
on sub-Antarctic Marion Island. The population structure of H. fulvus on Marion Island was more complex than 
initially anticipated due to the presence of numerous haplotypes. I found two evolutionary processes present on 
Marion Island that were the driving force for the diversification of species. The western and southern side of the 
island were dominated by gene flow probably due to the environmental conditions and multiple catastrophic 
events (glaciation and volcanism) during the past and present, while the calmer eastern side was isolated with 
more stable populations. Since both historical and recurrent processes were responsible for diversification of 
species on Southern Ocean islands, I advise that scientists need to widen their scope when conjecturing 
scenarios to explain their molecular data in a phylogeographic analysis.  
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ABSTRACT  
Seven community complexes have been described across sub-Antarctic Marion Island, amongst these fellfield 
that typically comprise low plant cover dominated by the flowering cushion plant, Azorella selago. Azorella is 
considered a keystone species since it forms nutrient rich environments for microarthropod communities and 
epiphytic plants. Two distinct growth forms typify Azorella, namely discrete cushions and continuous mats. 
Whether these continuous mats consist of a single large cushion individual, or whether several individual plants 
merge, interdigitating to form a continuous area, remains moot. As such, it is important to obtain some measure 
of Azorella growth dynamics before embarking on phylogeographic studies. Previous genetic studies indicated 
that several of these microarthropod species are significantly substructured across Marion Island, but it remains 
unclear whether similar subdivisions characterize Azorella. We used chloroplast sequence data (trnH-psbA) and 
amplified fragment length polymorphism (AFLP) to investigate these questions. No sequence variation 
characterized the trnH-psbA region in Azorella across Marion Island. In contrast, the AFLP results indicated that 
an A. selago mat comprises multiple individuals. We argue that mats can be formed through at least two 
processes namely fragmentation, where parts of the cushion plant die off creating open areas for the 
establishment of different individuals and / or to a high density of interdigitating individuals merging to form the 
mat. Fragment data further indicated significant substructure for Azorella across Marion Island (FST=0.101, 
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INTRODUCTION 
Sub-Antarctic islands are interesting evolutionary entities due to their various geological origins (continental or 
volcanic) and histories (glaciation and volcanism) (Chown et al. 1998). Moreover, these islands are isolated from 
continents, implying restricted gene flow which ultimately results in high levels of species endemism (Emerson 
2002). Sub-Antarctic Marion Island (46º54’S, 37º45’E) is the larger of two islands comprising the Prince Edward 
Island group. Prince Edward (46º38’S, 37º57’E), the second island in this group, is separated from Marion Island 
by approximately 19km. Similar to most other Southern Ocean Islands, the Prince Edward Island archipelago has 
a volcanic origin (Hänel & Chown 1998; McDougall et al. 2001) and based on recent K-Ar dating, Marion Island is 
estimated to be ~0.45 million years old (myo) (McDougall et al. 2001). As such, the biota on this island is 
probably representative of recent (post-Pleistocene) colonization events (Verwoerd 1971; Chown 1994).   
 
Vegetation or habitat types are greatly influenced by soil moisture and wind exposure on Marion Island. Seven 
community complexes have been described which include salt-spray (Crassula moschata; restricted to 
shorelines), biotic (Callitriche antarctica–Poa cookii; along the shoreline and inland near animal activity), 
fernbrake (Blechnum penna-marina; drained slopes on the lowland), Acaena magellanica–Brachythecium (near 
mires and slopes), Juncus scheuchzerioides–Blepharidophyllum densifolium (wet peat), polar desert (at high 
altitudes) and fellfield (Andreaea–Racomitrium crispulum; exposed rocky environments) (Smith & Mucina 2006). 
Fellfield, arguably one of the oldest community complexes on sub-Antarctic islands (Scott 1985), consists of low 
plant cover dominated by the flowering vascular cushion plant, Azorella selago Hook. f., 1847 (Apiaceae) (Frenot 
et al. 1998; Smith & Gremmen 2004). In addition, A. selago is a long-lived species that colonizes deglaciated 
areas (Frenot et al. 1993, 1998) and is also associated with the development of landforms such as vegetation-
banked terraces and patterned ground (Boelhouwers et al. 2003). Invertebrate population densities inside plants 
are much higher than in the surrounding epilithic biotope; for example, 16,000 individuals m-2 have reported for 
the prostigmatid mite Eupodes minutus Strandtmann, 1967 and 6,000 individuals m-2 for the springtail 
Cryptopygus dubius Déharveng, 1981 (Barendse & Chown 2001). Azorella selago is considered a keystone 
species since it forms nutrient rich environments for microarthropod communities and epiphytic plants (Huntley 
1972; Barendse & Chown 2001; Hugo et al. 2004; le Roux & McGeoch 2004), significantly increasing the level of 
biodiversity associated with fellfield habitat at high altitudes (McGeoch et al. in press).  
 
Despite the clear functional significance of A. selago to sub-Antarctic ecosystems and geomorphology, very little 
is known about the reproductive biology and population dynamics of the species (Frenot & Gloaguen 1994; le 
Roux & McGeoch 2004). For example, attempts to germinate seeds of the species have been largely 
unsuccessful, and the seed embryo appears to require time (under currently unknown conditions) to mature after 
release (Frenot & Gloaguen 1994). In addition, plant size is not always an accurate estimator of plant age 
because of high between-site differences in plant growth rates (le Roux & McGeoch 2004). On Marion Island, the 
frequency of young A. selago plants in sampled plots was found to be extremely low (le Roux & McGeoch 2004) 
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and successful establishment events are thought to be patchily distributed in both time and space. In general, 
however, cushion plants (for example Azorella Lam., 1783, Plantago L. 1753, Draba L. 1753, Werneria Kunth, 
1820 and Arenaria L. 1753) are known to have two distinct growth forms, i.e. discrete cushions and continuous 
mats (also referred to as cultivated beds by Heilbron 1925 and carpets by Huntley 1972).  
 
In A. selago, discrete cushions take the form of generally low growing, compact, circular plants that become 
hemispherical, irregular or crescent-shaped as they age (McGeoch et al. in press). In fellfield habitats, these 
discrete plants are evenly to randomly positioned within an epilithic biotope (le Roux 2004). The second growth 
form, namely mats, are characterized by large (sometimes several tens of meters in length and/or breadth), 
contiguous areas completely covered by A. selago (Huntley 1972). Cushion plants in the family Apiaceae are 
known to commonly develop into multiple (genetically similar) plants from a process of fragmentation, where parts 
of the plant die off creating open areas and separate fragments (or clones, as the fragments are genetically 
identical individuals) of the plant survive independently (Heilbron 1925; Armesto 1980). This would mean that 
other individuals (plants with different genotypes) may establish between genetically similar cushions; however, 
this hypothesis has not been tested. Therefore, it is currently not known whether mats consist of a single very 
large cushion individual, or whether several individual plants merge, interdigitating to form a continuous mat. This 
same question was raised decades ago by Heilbron (1925) for Ecuadorian cushion plants, including Azorella 
species.  In the Andes of southern Peru ‘individual’ plants of Azorella compacta Phil., 1891 have been reported to 
spread over areas of 30m2 (Ralph 1978), although this conclusion was based entirely on anecdotal observation. It 
therefore seems that the question has not yet been satisfactorily answered. Given the complexity and extensive 
nature of A. selago’s stem and root structure (Huntley 1972), and the destructive sampling required to examine it, 
the use of molecular techniques provide a potentially effective tool for understanding the growth dynamics of the 
species. In addition, an understanding of the growth dynamics of Azorella in mat form is critical for population 
genetics and phylogeographic studies since both these investigations assume sample independence, i.e. 
samples must be confidently attributed to distinct individuals (rather than clones or individuals that have been 
formed vegetatively).  Our first aim was therefore to investigate the growth dynamics of A. selago in mat form. 
 
At a larger, geographic scale, environmental factors (especially high speed winds) in combination with historical 
events (glaciation and volcanism) and local topography have been shown to significantly influence the genetic 
population structure of the mite E. minutus, one of the species inhabiting and sampled from A. selago cushions 
across Marion Island (Mortimer & Jansen van Vuuren 2007). Genetically unique populations were found between 
the south-western and south-eastern sides of the island for this mite species. However, it remains uncertain 
whether the phylogeographic pattern of inhabitant species (like E. minutus) coincides with the pattern of the host 
plant (A. selago). Our second aim was thus to describe the phylogeographic population structure of A. selago 
across Marion Island and to compare this to the patterns previously described for E. minutus. 
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Chloroplast intergenic spacer regions have been used to investigate intraspecific genetic variation in plants, for 
example in various flowering plants (see for example Kress et al. 2005; Lorenz-Lemke et al. 2006), soybeans (Xu 
et al. 2001) and tropical canopy trees (Hamilton 1999; Hamilton et al. 2003). These non-coding regions 
experience limited selective pressure which lead to the accumulation of polymorphisms, which make them ideal 
markers to use in population level studies (Hamilton 1999). Amplified fragment length polymorphism (AFLP), 
which generates an anonymous multilocus DNA profile (fingerprint) for each individual (Vos et al. 1995), has 
been shown to be useful for individual identification (Rosendahl & Taylor 1997; Majer et al. 1998), studies of 
relatedness and parentage (Krauss 2000; Madden et al. 2004) as well as at the population (Shim & Jorgensen 
2000; Tremetsberger et al. 2003) and species level (Ishida et al. 2003; Pfosser et al. 2006). Therefore we used 
sequence (trnH-psbA chloroplast intergenic region) as well as AFLP data to address the aims of this study, i.e. 
(1) to examine the growth dynamics of Azorella in mat form and (2) to assess the phylogeography of A. selago 
across Marion Island. 
 
MATERIALS AND METHODS 
Sampling 
To investigate the growth dynamics of mats, we selected a large A. selago mat on the south-western side of 
Marion Island at Swartkops Point (see Figure 5.1), and sampled plant material from systematically positioned 
stations on the mat. A portion of a large mat (>5m x 10m) growing between two black lava ridges was sampled 
(4.5m x 7.5m sampled). The sampled portion, situated in the middle of the mat, was divided into 1.5m x 1.5m (or 
2.3m2) grids (see Figure 5.2). Leaves were sampled from within each grid (n=15). In the absence of any 
comparable data for A. selago, and to determine the range of genetic similarities for known individuals, we 
included an additional five discrete cushion individuals from the same locality. We specifically chose individuals 
from the same locality as the mat to minimize the influence of environmental and other demographic factors (such 
as past population expansions or bottlenecks) on the genetic variation present in different populations. The 
objective was to use the genetic similarity of known, unrelated and discrete individual plants as a benchmark 
against which to identify potential individual plants within the mat. Plants were collected at least 5 meters apart to 
maximize the chance that they represented discrete individuals (genotypes). 
 
The work reported here forms part of a larger project aiming to document the spatial distribution of both genetic 
and ecological variation for various species (plants and invertebrates) across Marion Island. Specifically, our aim 
here is to provide an initial framework for a larger and in depth study that will document genetic and ecological 
variation for Azorella at various spatial and hierarchical scales. For phylogeographic study, we included 42 
individuals from eight sampling localities across Marion Island. These were Blue Petrel Bay (n=10), the hydro-
electrical dam (n=7), the Meteorological Station at Transvaal Cove (n=2), Stoney Ridge (n=4), Kildalkey Bay 
(n=2), Watertunnel (n=3), Swartkops Point (n=5) and Mixed Pickle (n=11) (see Figure 5.1). Within a locality, care 
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was taken to select individual cushions which were at least 5 meters apart. All the plant material was dried and 





















Figure 5.1 Positions of the sampling sites of Azorella selago specimens across Marion Island, namely Blue Petrel Bay (BP), 
the hydro-electrical dam (HD), the Meteorological Station (MS), Stoney Ridge (SR), Kildalkey Bay (KB), Watertunnel (WT), 
Swartkops Point (SK) and Mixed Pickle (MP). The mat was also sampled at SK. The sampling sites of the previous 
phylogeographic study on Eupodes minutus are indicated in grey (Mortimer & Jansen van Vuuren 2007). The map was 





















Figure 5.2 UPGMA tree constructed for the Azorella selago mat from Swartkops Point. The dotted line indicates the genetic 
cut-off value for individuals. Also shown, is the transect with the 2.3m2 grids situated in the middle of the mat. The 
corresponding individuals (a – f) are indicated on both the tree as well as the grid. Based on the tree results, potential A. 
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DNA extraction 
To extract genomic DNA from dried A. selago leaves, we followed the CTAB protocol described by Doyle and 
Doyle (1987). In short, leaves were submerged in liquid nitrogen and ground with a mortar and pestle. Following 
this, plant material was incubated in 500µl of CTAB buffer (100mM Tris-HCl, ph8.0; 1.4M NaCl, 20mM EDTA; 2% 
CTAB; 0.2% mercaptoethonal) at 65°C for one hour. An equal volume of chloroform-isoamylalcohol (24:1) was 
added, followed by DNA precipitation with absolute ethanol. The DNA pellet was rinsed with a wash buffer (1 part 
ammonium acetate: 3 parts ethanol) and resuspended in 200µl deionised distilled water. 
Sequencing of trnH-psbA  
The trnH-psbA chloroplast intergenic region was selected given that it has a moderate to high rate of evolution 
(Hamilton et al. 2003). The utility of this marker for fine-scale genetic analyses of A. selago was determined by 
selecting a few random samples for sequencing. For the mat (at Swartkops Point), five samples were selected, 
namely A1, B2, C3, D2 and E1 (see Figure 5.2). An additional two samples from the region of the Meteorological 
Station on the island were included to determine if adequate genetic variation exist in this chloroplast intergenic 
region for subsequent phylogeographic analyses (these two sites are at opposite sides of Marion Island) (Figure 
5.1). A 412bp fragment was amplified and sequenced using the primer pair trnH (GUG) and pbsA (Hamilton 
1999). PCR reactions were carried out using 10ng of genomic DNA under the following cycling conditions: 94°C 
for 1 minute, (94°C for 30 seconds, 55°C for 30 seconds and 72°C for 45 seconds) for 35 cycles with a final 
extension step at 72°C for 5 minutes. The PCR products were purified with the Wizard SV Gel and PCR clean-up 
system (Promega, Madison, USA) following the manufacturer’s instructions. The forward primer (trnH (GUG)) 
was used for sequencing with half-reactions of BigDye® Terminator 3.1 mix (Applied Biosystems, Warrington, 
UK). Purified products were run on an ABI 3100 automated sequencer (Applied Biosystems, Warrington, UK). 
Sequence electropherograms were checked and edited with BioEdit 7.0.5 (Hall 2005). 
AFLP fingerprinting 
The advantages of the AFLP technique are that it requires only small quantities of DNA, no prior knowledge of 
the genome size and in contrast to DNA fingerprinting, is a reliable and repeatable method (see Mueller & 
Wolfenbarger 1999; Meudt & Clarke 2007). AFLP represents a dominant marker system where alleles are scored 
as present (1) or absent (0). Perhaps the most serious limitation of this technique is that error rates are noticeably 
high (1.9% - 2.5%) (Bensch & Akesson 2005). Such high error rates create problems when the objective is 
individual identification (as is the case here) and in this respect, one has to expect mismatches when assigning 
genotypes. To compensate for the error rate in our analyses of growth dynamics, we estimated genetic similarity 
of unrelated discrete individuals (from the same locality) to be a benchmark against which to distinguish individual 
plants in the mat. 
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For the AFLP benchmarking, we used a commercial kit supplied by Applied Biosystems (Warrington, UK). The 
genomic DNA (500ng) was digested and ligated for 3 hours at 37°C in the presence of 1U MseI, 5U EcoRI, 1U 
T4 ligase, 10X DNA ligase buffer with ATP, 0.5M NaCl, 1mg/ml BSA and the double-stranded adaptors. A small 
quantity (4µl) of the undiluted ligated DNA fragments was pre-amplified. The preselective amplification reaction 
was diluted 10-fold and used in the selective amplification step. Initially, 24 primer combinations were screened. 
For the analyses of the mat, we selected eight primer combinations (Eco-ACC/Mse-CAA, Eco-ACC/Mse-CAC, 
Eco-ACC/Mse-CAG, Eco-ACC/Mse-CTA, Eco-ACC/Mse-CTC, Eco-ACC/Mse-CTG, Eco-ACC/Mse-CTT and Eco-
ACT/Mse-CTC). For the phylogeographic question, we selected four reproducible primer combinations (Eco-
ACC/Mse-CAC, Eco-ACC/Mse-CTA, Eco-ACC/Mse-CTG and Eco-ACC/Mse-CTT). The fluorescently labelled 
selective amplification products together with an internal size standard (500 Rox, Applied Biosystems, 
Warrington, UK), were run on an ABI 3100 automated sequencer (Applied Biosystems, Warrington, UK). The raw 
data were manually checked and edited with Genemapper 3.7 (Applied Biosystems, Warrington, UK). We verified 
the reproducibility of our results (both the population structure as well as the mat) by repeating all benchmarking 
experiments for 17% of all individuals (i.e. these individuals were independently extracted, digested, ligated and 
amplified twice for all primer combinations). 
Data analysis 
The trnH-pbsA sequence data were aligned with BioEdit 7.0.5 (Hall 2005) and alignments were confirmed by eye. 
To verify the authenticity of our sequence data, sequences were compared to those deposited in GenBank 
through BLAST searches. The presence of indels and / or nucleotide substitutions was assessed using PAUP* 
4.0b10 (Swofford 2000).  
 
For AFLP fingerprinting, data matrices were constructed using Genemapper 3.7 (Applied Biosystems, 
Warrington, UK). To calculate the error rate associated with scoring, all A. selago individuals were scored twice 
(by EM) and the resultant two data matrices compared. Additionally, 16% of all data were scored independently 
by BJvV and EM. The error rate associated with AFLP data is an important consideration, especially when 
attempting to identify individuals and describe spatial genetic variation. For both data sets, an error rate of 2.1% 
occurred when 16% of the raw data were compared. Although noticeably high, this rate falls within those reported 
in the literature (e.g. ~1.3-2.6% error rate, Bonin et al. 2004; 1.9%-2.5% error rate, Bensch & Akesson 2005).    
 
Azorella selago mat – AFLP data 
The uncorrected pairwise genetic distances separating the 15 samples taken from the mat were calculated using 
PAUP* 4.0b10 (Swofford 2000). These distances (Nei 1978) were then used to construct an ultrametric tree using 
the Unweighted Pair Group Method with Arithmetic Mean (UPGMA). Individuality within the mat was based on a 
comparison to the genetic distances separating known individuals, i.e. discrete cushion plants a minimum of 5m 
apart (n=5, Swartkops Point). The lowest genetic distance separating all known individuals was used as the cut-
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off value to assign genetic identity to samples taken within the mat. In other words, samples within the mat were 
assumed to be from a single Azorella plant if they were genetically more similar than the lowest genetic distance 
separating any of the known individuals.   
 
Phylogeography – AFLP data 
Although our aim was not a comprehensive phylogeographic study across Marion Island, the inclusion of 
geographically distant samples (close to the maximum distance possible between sites on the island) does allow 
us some inference about the genetic population structure of the species across the island. To determine whether 
our data were more structured than random data, we calculated the overall FST as well as population pairwise FST 
values in Arlequin 3.1 (Excoffier et al. 2005). A hierarchical Analysis of Molecular Variance (AMOVA) provided 
information on how the overall variation was partitioned within and among populations. Significance values for the 
F-statistics were obtained from 1000 random permutations of the data. Genetic distances (Nei 1978) as well as 
gene flow between sampling localities were calculated in POPGENE 1.32 (Yeh et al. 1999). Because the small 
sample sizes did not always allow meaningful calculations of standard diversity indices at the population level, we 
also combined all samples and regarded Marion Island as a single population. We estimated expected 
heterozygosity (HE) and gene diversity for all samples in Arlequin 3.1.   
 
RESULTS AND DISCUSSION 
Sequence data revealed genetic invariance for A. selago (GenBank accession number: EF614999) collected 
from two geographically distant localities, despite the trnH-psbA chloroplast intergenic region having a moderately 
high rate of evolution (Hamilton et al. 2003). In the absence of any insertions / deletions or nucleotide 
substitutions, we conclude that the resolution obtained from this marker was insufficient to allow fine-scale 
genetic analyses. As such, the trnH-psbA region was excluded from further analyses. In contrast, the AFLP data 
provided sufficient resolution and, based on this marker system, we clearly show that the A. selago mat consists 
of multiple individuals rather than a single individual. Also, significant population substructure exists within in A. 
selago across Marion Island. Both these findings have significant implications, and are discussed in more detail 
below. 
 
Stevens et al. (2007) have recently highlighted the potential for natural cross contamination, an important 
consideration when studying genetic patterns. Specifically, in addition to unexpectedly high levels of genetic 
variation, these contaminants would result in erroneous spatial patterns of genetic variation. Whereas such 
natural contaminants are readily detected with sequence data, it remains impossible to reliably exclude these 
from fragment data (see Stevens et al. 2007). With respect to the present study, we argue that our results are 
free of the confounding effects for natural contaminants for several reasons. First, individual Azorella plants (both 
from the mat (individual (a), (c) and (f); Figure 5.2) as well as from a different locality (Meteorological Station) on 
Marion Island) were sequenced for a chloroplast marker. When our sequences were compared to sequences in 
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GenBank (BLAST searches), our sequences were most similar to members of the plant order Apiales as would 
be expected. Secondly, the levels of genetic variation observed in our study was not unexpectedly high and fell 
within the range reported for other vascular plants (see for example Pfosser et al. 2006).  
Azorella selago mat 
The eight AFLP primer pairs produced 112 reliable polymorphic bands for the 15 samples taken from the mat 
(fragment sizes ranged from 75bp to 500bp). Uncorrected pairwise distances separating these samples ranged 
from 0.05 (D1 and E1) to 0.61 (A3 and C1). When considering the five known discrete individuals from Swartkops  
Point, the eight primer pairs produced 137 polymorphic bands. The uncorrected pairwise distance between these 
five Azorella plants ranged from 0.21 to 0.75. Given that the lowest uncorrected sequence divergence separating 
known individuals was 0.21, and that the error rate estimated for our data were 2.1%, we used this value (0.21) 
as the cut-off point below which samples were assumed to belong to the same plant (thus being genetically more 
similar than the lowest divergence separating known individuals as well as that a difference of 2.1% may be 
accounted for by the error rate in the scoring of polymorphic bands). Applying this value to the mat, six distinct 
genotypes were identified (see Table 5.1 and Figure 5.2). The highest genetic distance separating samples from 
within the mat (0.61 between C1 and A3; see Table 5.1) is comparable to the highest distance separating known 
individuals from Swartkops Point (0.75). In addition, when reanalyzing the mat data for the identical four markers 
included in the phylogeographic study, divergences within the mat ranged from 0.05 (between C3 and B2; C3 and 
D1; C3 and E1 as well as C2 and D3) to 0.63 (C1 and C2), which is comparable to values estimated for 
individuals across Marion Island (range from 0.05 to 0.70).  
 
Table 5.1 Uncorrected pairwise genetic distances between Swartkops Point Azorella selago mat samples. Single individuals 
have a p-distance larger than 0.21 
 
 A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3 E1 E2 E3 
A1                
A2 0.25               
A3 0.32 0.30              
B1 0.22 0.18 0.33             
B2 0.31 0.35 0.08 0.34            
B3 0.38 0.39 0.55 0.37 0.56           
C1 0.39 0.43 0.61 0.37 0.58 0.57          
C2 0.35 0.38 0.12 0.34 0.09 0.58 0.60         
C3 0.35 0.40 0.09 0.32 0.07 0.56 0.60 0.10        
D1 0.36 0.36 0.09 0.33 0.04 0.54 0.59 0.10 0.08       
D2 0.22 0.28 0.31 0.25 0.25 0.44 0.38 0.29 0.30 0.28      
D3 0.37 0.37 0.12 0.34 0.07 0.54 0.60 0.07 0.09 0.06 0.27     
E1 0.36 0.36 0.07 0.33 0.06 0.55 0.61 0.12 0.08 0.05 0.3 0.10    
E2 0.35 0.40 0.58 0.39 0.54 0.54 0.12 0.57 0.57 0.56 0.32 0.54 0.58   
E3 0.27 0.34 0.48 0.28 0.47 0.52 0.23 0.47 0.46 0.46 0.33 0.46 0.50 0.17  
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We argue that two, not necessarily mutually exclusive, processes can be proposed to explain the growth 
dynamics of Azorella mats as uncovered by our genetic analyses. These are the process of fragmentation and 
interdigitated growth of individuals. Most cushion plants are known to experience fragmentation over time 
(Armesto et al. 1980). Within the dead part of the cushion, the older stems ultimately disintegrate and are blown 
away, leaving two separate parts of the original cushion that are of course genetically identical. The availability of 
open areas within and between cushion individuals allows other individuals (with different genotypes) to establish 
between these fragments and subsequently merge into a mat form (Armesto et al. 1980). Alternatively, it is 
possible that over time a high density of individual cushions merely merge to form a continuous structure, or mat, 
without fragmentation being part of the process. To illustrate these two processes, we refer to individual (e) in 
Figure 5.2. Individual (e) is found in grids C1, E2 and E3. This individual could have been separated due to 
fragmentation, thus, individuals (c) and (f) established within the dead parts of individual (e). However, since the 
samples were collected from the middle of a large mat (as opposed to the edge of the mat), we cannot rule out 
that individual (e) may form an enlarged cushion that grows around the borders of the sample grid (see Figure 
5.2). Our sampling of this mat therefore does not allow us to distinguish these two processes, and further 
investigations at a much larger scale are needed. Nonetheless, these results clearly demonstrate that mats are 
formed by more than a single individual and, at least in this case, by multiple genotypes.  
 
Regardless of which processes are responsible for mat formation, favourable environmental conditions play an 
important role in the establishment of A. selago (Frenot et al. 1993; le Roux 2004). We argue that optimum 
weather and substrate conditions are necessary for individual plants to flourish and essentially merge into a mat 
form. Azorella selago’s range extends from sea level to ~800 meters above sea level, with mat formation being 
prevalent in drainage lines of mid-altitude fellfield habitats (see also Heilbron 1925), particularly on the western 
side of the island (M. A. McGeoch, personal observation). In addition, most of the discrete cushions on Marion 
Island range, on average, from 0.40 to 1.15m in diameter and their size in open fellfield habitat appear to be 
related to the distance and size of neighbouring cushions (le Roux & McGeoch 2004). The extent of an individual 
genotype in the mat sampled here stretched across a distance of 7.5m and 4.5m (Figure 5.2, individual or 
genotype (c)), which is far larger than any discrete cushion plant recorded on the island (le Roux & McGeoch 
2004; M. A. McGeoch, personal observation). The largest discrete cushions recoded to date, almost all of which 
have lost their circular shape and become crescent shaped or irregular, are in the order of 2-3m in maximum 
diameter. However, fairly narrow (<1.0m) strips of continuous A. selago vegetation are also found in association 
with vegetation banked terraces on some fellfield sites and vegetation strips on scoria cones on the island 
(Holness 2001; Boelhouwers et al. 2003). The AFLP results thus suggest that at least one of the processes 
proposed above is involved in A. selago mat formation, i.e., several different genotypes merge to form the mat. 
This may result either from interdigitation and / or fragmentation. Furthermore, individual plants in mats grow 
larger than discrete cushion individuals. 
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In addition to A. selago playing a keystone role on Marion Island, evidence suggests that this species is  
increasingly susceptible to ongoing climate change in the region (le Roux & McGeoch 2007; McGeoch et al. in 
press). The species is predicted to experience increased competition from faster growing species responding to 
rising temperatures with more vigorous growth and an upward shift in elevation (le Roux & McGeoch 2007). In 
addition, A. selago has been shown to be drought sensitive with increased stem death predicted under the 
current drying trend being experienced on the island (le Roux et al. 2005; le Roux & McGeoch 2007). Studies 
such as the one presented here are thus essential to better understand this functionally important and apparently 
threatened species.  
Population structure 
Four primer pairs were selected to provide insight into the phylogeographic structure of A. selago across Marion 
Island. These primer pairs produced 120 reliable polymorphic bands for 42 specimens included from eight 
sampling localities. In general, we found that the genetic diversity of A. selago across Marion Island was high. 
The gene diversity was 1.0 which indicates that all of the individuals included had a unique genotype (see 
Pfosser et al. 2006). This is not surprising given that AFLP data generate a unique fingerprint for each individual, 
and one would not expect these to be identical unless plants reproduce clonally (see Pfosser et al. 2006 for a 
similar finding). Since special attention was given to sampling individual plants (discrete cushions were sampled 
at least 5m apart), this analysis essentially confirms the individuality of all our specimens. Genetic distances 
among individuals ranged between 0.05 (two individuals sampled at the hydro electrical dam and Blue Petrel 
Bay) and 0.70 (two individuals sampled at the hydro electrical dam and Mixed Pickle). This result also 
demonstrates that A. selago is not commonly clonal, at least not over distances greater than 5m.  
 
Considering all A. selago sampled across Marion Island, AMOVA indicated that most of the variation was within 
populations (sites) (89.9%) with the remaining 10.1% between populations. The distribution of variation for this 
species is very similar to that reported for Dystaenia ibukiensis (Yabe) Kitag., 1937 also a member of the 
Apiaceae, distributed throughout Japan (Pfosser et al. 2006). These authors reported 18.7% of the variation 
among populations with 81.3% of the variation within populations. Similarly, we argue that the high genetic 
diversity (genetic distance range of 0.05 to 0.7 as outlined above) and large number of polymorphic fragments 
found for Azorella cushions (gene diversity of 1.0) on Marion Island suggest a high degree of outcrossing and that 
vegetative reproduction, or fragmentation, may be largely confined to fine scales (< 5m) and possibly within mat 
growth forms. 
 
FST was significant (FST=0.101, p=0.01), indicating population substructure across Marion Island. Although our 
sample sizes were generally less than 10 plants per population rendering population level analyses problematic, 
we nonetheless compared all populations in a pairwise manner (see Table 5.2 for pairwise FST values and genetic 
distances between populations). Two localities were significantly differentiated; these are Mixed Pickle which 
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differed from >70% of the populations and Watertunnel which differed from >40% of the populations (Table 5.2).  
In the region of Mixed Pickle, situated on the western side of the island, multiple volcanic and glacial events have 
been documented, especially at Triegaardt Bay (geographically <1km from Mixed Pickle). Similar to the western 
side of the island, multiple catastrophic events also occurred in the vicinity of Crawford Bay (Watertunnel is 
situated on the bay) (McDougall et al. 2001). We argue that these catastrophic events, coupled with harsh 
environmental conditions and complex topography, have significantly impacted on the population structure of 
these populations, essentially isolating them from other populations in the region. 
 
The average gene flow across the island was low overall (the number of migrants per generation between the 
populations sampled estimated at 0.74 (Yeh et al. 1999)). However, this ranged from 0.3 (between Kildalkey Bay 
and the Meteorological Station at Transvaal Cove) to 5.3 (between Blue Petrel Bay and the hydro-electrical dam). 
Given that the central part of Marion Island (above ~760 m.a.s.l.) is frequently snow-covered (this area is 
described as a polar desert; Smith & Mucina 2006) and is devoid of any vascular plant growth, it is very unlikely 
that migration occurs across these high altitude areas. We therefore speculate that most of the migration occurs 
along the coast. Interestingly, higher levels of gene flow (range from 1.3 to 5.3) were found around the northern 
side of the island (from Swartkops Point to the Meteorological Station) compared to lower levels (generally less 
than 1 individual per generation) along the southern side of the island (again measured from Swartkops Point to 
the Meteorological Station). This could be explained by the topography and history of the island. Although the 
northern side of the island experienced multiple volcanic eruptions, these are all relatively old (Pleistocene) 
compared to the southern side of the island where both older as well as very recent eruptions have been 
documented (Pleistocene and Holocene) (McDougall et al. 2001). In terms of topography, the southern side of 
the island is much more inhospitable compared to the northern side with large areas, including Santa Rosa 
Valley, which is virtually devoid of vascular vegetation.  
 
Table 5.2 A matrix indicating genetic distances (below the diagonal) and pairwise FST values (above the diagonal) for all the 
A. selago populations across Marion Island (*p<0.05; **p<0.01). 
 M. Station Blue Petrel  Hydro. dam Kildalkey Bay Mixed Pickle Swartkops Point Stoney Ridge Watertunnel 
M. Station  0.013 0 0.362 0.347* 0 0.095 0.519 
Blue Petrel 0.138  0 0.105 0.151** 0.010 0.012 0.198* 
Hydro. dam 0.184 0.059  0.114 0.245** 0 0.044 0.222* 
Kildalkey Bay 0.227 0.239 0.411  0.093 0.022 0 0.183 
Mixed Pickle 0.131 0.147 0.266 0.076  0.203** 0.077 0.280** 
Swartkops Point 0.160 0.082 0.067 0.272 0.175  0 0.149* 
Stoney Ridge 0.175 0.085 0.166 0.121 0.084 0.112  0.074 
Watertunnel 0.270 0.236 0.396 0.043 0.097 0.256 0.139    
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Substructure was similarly reported for E. minutus populations across Marion Island (Mortimer & Jansen van 
Vuuren 2007).  For this microarthropod, the localities of Kildalkey Bay (south-eastern side of Marion Island) and 
La Grange Kop (south-western side of Marion Island) were significantly different from each other and it is argued 
that past climatic events, in combination with harsh weather conditions, have played a major role in shaping the 
genetic diversity across the island (Mortimer & Jansen van Vuuren 2007). Our findings for Azorella, although not 
identical to those reported for E. minutus, are nonetheless largely congruent in that climatic and environmental 
conditions appear to cause population substructure across the island. However, for both these studies robust 
statistical conclusions are somewhat hampered by small sample sizes. In spite of this limitation, the population 
substructure found is significant. What is needed is a larger study including more populations and larger sample 
sizes for Azorella to further investigate the phylogeographic patterns of this species across Marion Island. 
 
To conclude, we found that the A. selago mat consisted of multiple individuals, some extensive, which we ascribe 
to either the process of fragmentation and / or to a high density of individuals merging to form the mat. The 
phylogeographic structure of A. selago indicates significant population substructure in the species across Marion 
Island. Substructure has similarly been described for E. minutus (sampled exclusively from Azorella cushions) as 
well as other small invertebrates on the island (Cryptopygus antarcticus travei Déharveng, 1981 and Tullbergia 
bisetosa (Börner, 1903) (Myburgh et al. 2007)). We suggest that additional studies of a similar nature (including 
more markers and greater sample sizes) should be implemented to confirm the findings presented here. 
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SUMMARY 
My research contributes substantially to the limited phylogenetic and biogeographic information that currently 
exists for species from the South Polar Region. The phylogeny of ameronothroid mites (genus Halozetes), 
represents the first molecular study undertaken on this group of unique mites from the South Polar Region 
(Chapter 2). This research will be submitted to ‘Molecular Phylogenetics and Evolution’. My results are the first 
molecular evidence to show that the evolution of the ameronothroid mites was habitat specific (i.e. intertidal, 
supralittoral and terrestrial). I also found that the ameronothroid mites (as well as moss (Skotnicki et al. 2004)) 
share congruent biogeographical patterns with some marine species (notothenioid fish (reviewed by Verde et al. 
2007) and bivalves (Page & Linse 2002)) even though the marine and terrestrial environments differ considerably 
(Peck et al. 2006). Also, these mites were previously considered to represent an ancient group predating the 
fragmentation of Gondwana (Wallwork 1973), however, my molecular clock estimations showed that these mites 
are young (<10myo), which means that their diversification is probably due to glaciation and isolation of the 
Antarctic region (~10mya) rather than the fragmentation of Gondwana. The taxonomic diversity of Halozetes 
Berlese, 1917 (based on genetic data) was greater than the morphological characters currently used for alpha 
taxonomy. This implies that the morphological characters currently used in Halozetes taxonomy should be 
reassessed and my molecular findings could provide a guideline for future morphological studies. 
 
The phylogeny project had a few shortcomings and most of them were unavoidable. I included a limited number 
of samples and localities, which may affect my biogeographic conclusions, but this is due to the difficulty in 
obtaining samples from these isolated sub-Antarctic (and Maritime) localities. The low sample sizes, in part, are 
also due to the inaccurate storage of the mite specimens. The specimens were mainly stored in 70% absolute 
alcohol instead of 100% that made DNA recovery difficult. When considering the taxonomy of the mites, I did not 
investigate these mites on a morphological level (e.g. electron microscopy), since this research is reserved for a 
future project (L. Coetzee, personal communication).  
 
Reported herein are also the first phylogeographic study on two mite species (cosmopolitan prostigmatid mite 
Eupodes minutus Strandtmann, 1967 and endemic oribatid mite Halozetes fulvus Engelbrecht, 1975) and one 
plant species (dominant cushion plant Azorella selago Hook. f., 1847) from sub-Antarctic Marion Island (Chapter 
3 to 5). The research conducted on E. minutus was published in ‘Polar Biology’ during 2007 (Mortimer & Jansen 
van Vuuren 2007); while the A. selago study was recently accepted in ‘Antarctic Science’ (Mortimer et al. in 
press). The H. fulvus research will be submitted to ‘Molecular Ecology’. These phylogeographic projects 
contribute to a larger project that aims to document the spatial distribution of both genetic and ecological 
differentiation for various species (microarthropods and plants) on Marion Island. When conducting manual 
comparisons, I found that complex phylogeographic patterns exist for species on the geologically dynamic Marion 
Island similar to those described from other sub-tropical volcanic islands such as the Hawaiian and the Canary 
Islands. Also, I found that the phylogeographic patterns of mite species were very similar to indigenous springtail 
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species, Cryptopygus antarcticus travei Déharveng, 1981 and Tullbergia bisetosa (Börner, 1903) (Myburgh et al. 
2007), while the pattern differs slightly for the host plant, A. selago. The different pattern described for A. selago 
may be due to the small sample sizes which may have hampered robust statistical inferences. For the mite and 
plant species, I found unique populations on the western (Kaalkoppie for H. fulvus, La Grange Kop for E. minutus 
and Mixed Pickle for A. selago), eastern (Bullard Beach for H. fulvus and Kildalkey Bay for E. minutus), northern 
(Middelman and Long Ridge for H. fulvus) and southern side (Grey Headed for H. fulvus and Watertunnel for A. 
selago) of the island. The most noticeable finding was that all species have unique populations on the western 
side of the island (localities ~5km apart). Nonetheless, findings for both microarthropod and plant species were 
similar in that historical events (glaciation and volcanism) and environmental conditions shaped their population 
structure across the island. Also, the two mite species (E. minutus and H. fulvus) have different microhabitat 
preferences. Irrespective of these preferences, the molecular evidence indicated that the populations of both mite 
species are still growing on the island. In addition to the phylogeographic studies, it is the first genetic study in the 
sub-Antarctic region to examine the growth dynamics of A. selago (Chapter 5) since the reproductive biology of 
this plant is unknown (typified by discrete and mat growth forms) and it was necessary to include distinct 
individuals in my phylogeographic study. The investigated A. selago mat comprised of multiple individuals, which 
can be attributed to the process of fragmentation and / or to a high density of individuals merging to form the mat.  
 
The shortcomings for the phylogeographic projects on Marion Island were also limited. The sample sizes for both 
E. minutus and A. selago (excluding H. fulvus) were low, which potentially limited statistical inferences. However, 
both these studies were conducted to provide an initial framework for more detailed studies to follow later (E. 
minutus for the H. fulvus project and A. selago for future genetic and ecological spatial variation projects). Due to 
time constraints, additional markers (mitochondrial and nuclear) were not included in this study but should be 
considered for future phylogeographic projects on Marion Island.  
 
To conclude, the biodiversity in the South Polar Region appears to be higher than initially anticipated and more 
detailed studies are necessary to unravel biogeography of this region. Very complex genetic patterns are not only 
present between species from different sub-Antarctic islands, but also on sub-Antarctic Marion Island. The Prince 
Edward Island archipelago is South Africa’s only Special Nature Reserve, as such, the conservation of 
biodiversity is of great importance. In this study, conservation “hotspots” were identified that will need strict 
regulations, especially localities on the eastern and western side of the island. Since trips around the island are 
currently not monitored which implies that the migration of numerous microarthropod species are mediated, my 
findings together with previous results (Myburg et al. 2007) will directly contribute to an active management plan 
of the island.  
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